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1.0 SUMMARY 

This r e p o r t  describes the r e s u i t s  o f  a program t o  determine the thermo- 
dynamic p roper t ies  o f  the prope l lan t ,  Aeroi ine-50 (assumed t o  be a 1 :1 mix tu re  
o f  hydrazine and UEMH 1 and presents char ts  and tab les showing the corresponding 
values o f  enthalpy, entropy, phase composition, pressure, temperature and 
spec i f i c  volume. 
tures o f  -100 t o  250°F were of pr imary i n t e r e s t .  

* 

Proper t ies a t  pressures o f  0.001 t o  60 p s i a  and a t  tempera- 

The f i r s t  phase o f  the program inc luded: ( l )  a survey and evaluat ion o f  

p e r t i n e n t  data repor ted i n  the l i t e r a t u r e ,  (2 )  s e l e c t i o n  of the most appropr ia te 
methods o f  c o r r e l a t i . . g  the data and c a l c u l a t i n g  values o f  the thermodynamic 

proper t ies,  (3)  determinat ion o f  what data i s  lack ing  o r  u n r e l i a b l e ,  and must 
be measured, (4 )  d e l i r e a t i o n  o f  the experiments and techniques t o  accomplish 
t h i s ,  and ( 5 )  s e l e c t i o n  o f  the most appropr ia te means t o  present the der ived 

thermodynamic proper t ies.  
design and cons t ruc t ion  o f  the requ i red  experimental apparatus, the performance 

of the measurements, c o r r e l a t i o n  o f  the data and preparat ion o f  the char ts  and 
tables.  

Phase I1  o f  t h i s  program consis ted o f  the f i n a l  

The e s t a t l  ishment o f  the thermodynamic proper t ies  requi red several 
kinds o f  data. These inc luded P-V-T data f o r  the components, hydrazine and 
UDMH, and t h e i r  mixtures,  a c t i v i t y  c o e f f i c i e n t s  f o r  the l i q u i d  phase, heats 
o f  phase t r a n s i t i o n ,  composition v a r i a t i o n s  f o r  phase t r a n s i t i o n s  and thermo- 
dynamic funct ions f o r  the components i n  the i d e a l  gas s ta te .  Some of these 
data had been repor ted f o r  Aerozine-50 i n  the l i t e r a t u r e ,  b u t  a l l  are n o t  re -  
l i a b l e .  

From the r z s u l t s  o f  the survey and analys is  o f  the l i t e r a t u r e  data 
i t  was apparent t h a t  e d d i t i o n a l  data had t o  be measured i n  order t o  v e r i f y  
o r  c o r r e c t  suspect values and t o  ob ta in  missing values. The types o f  data 

needed were the P-V-T proper t ies  of mixtures o f  UDMH and hydrazine vapors, 
P-T-x-y data f o r  l iqu id -vapor  phase e q u i l i b r i a ,  the vapor pressure of the 

* Unsymnetri ca l  dimethylhydrazine 
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f reez ing and e u t e c t i c  mixtures,  and the d e n s i t i e s  of l i q u i d  Aerozi ie-50 and 
hydi lazine-r i  ch mixtures.  I n  order  t o  minimize the number o f  measurements 

requ i red  f o r  t h i s ,  empir ice l  and a n a l y t i c a l  c o r r e i a t i o n s  were se lected t o  
prov ide an accurate means o f  i n t e r p o l a t i o n  and e x t r a p o l a t i o n  of data. These 
inc luded the Redlich-Kwong equat ion o f  s t a t e  ( f o r  P-V-T data) and a tvJo con- 
s t a n t  c o r r e l a t i o n  o f  s o l u t i o n  a c ‘ t i v i t y  c o e f f i c i e n t s  which had the form o f  the 
van Laar equation. 

Before assembly o f  the apparatus t o  ob ta in  the needed experimental 

Thc! 

data, a ser ies  o f  t e s t s  were performed t o  determine the s t a b i l i t y  o f  hydrazine 

and UDI”1H i n  the presence o f  se lected mater ia ls  a t  h igh temperatures. 
r e s u l t s  i n d i c a t e d  t h a t  decomposition would be n e g l i g i b l e  a t  temperatures up t o  
250°F i n  an apparatus constructed o f  the f o l l o w i n g  mater ia ls :  

304, 316 and 416 s t a i n l e s s  s tee l ,  
Pyrex glass,  

TFE-Tef 1 on , 
and 6061 -T6 a1 umi num. 

Apparatus f o r  determining the P-V-T proper t ies,  the vapor pressure o f  
the pure components, and l iqu id -vapor  e q u i l i b r i a  was a w e l l - s t i r r e d ,  constant- 
volume pressure c e l l .  Prov is ion  was niade f o r  withdrawing samples of the 
l i q u i d  f o r  subsequent determinat ion o f  composit ion by gas chromatography. 
Pressure was measured by a care fu l  l y  <a1 i b r a t e d  diaphyagr-type transducer. 
Temperature c o n t r o l  was accomplished by immersing the c e l l  i n  a constant 

temperature bath. 

Pure samples o f  UDMH and hydrazine f o r  the experiments were obtained 
by f r a c t i o n a l  d i s t i l l a t i o n ,  a t  reduced pressure, o f  the commercially a v a i l -  
ab le mater ia ls .  

The P-V-T experiments were performea a t  242°F and a t  pressures up 
t o  about 2.5 atmospher2s f o r  var ious values o f  vapor composition. Analysis 
o f  the r e s u l t i n g  data i n d i c a t e d  t h a t  Wilson’s m o d i f i c a t i o n  of the Redl ick- 
Kwong equation o f  s t a t e  was adequate f o r  UDMH-hydrazine vapor mixtures a t  
temperatures up t o  250OF and f o r  pressures up t o  3.0 atmospheres. 
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Measurements of the 1 lor pressure of pure components were made a t  
various temperatures h i t h i n  the range from about 75" to  232°F. 
both species were correlated by expressions of the form of the Clausius- 
Clapeyrcri equation. 

The data for  

Liquid-vapor equilibria were measured a t  temperatures of approximately 
loo", 175" and 242°F. The temperature and pressure of  the contents of the 
t e s t  cell and the composition o f  the equilibrium l i q u i d  phases were measured 
directly. The compositions of the equilibrium vapor phases were calculated 
from the resulting P-x data by means o f  the Gibbs-Duhem equation. 

Densities of the pure l i q u i d s  and their  mixtures were determined 
pycnometrically a t  various temperatures. The data for  the pure components 
agreed w i t h  correlations reported i n  the l i terature.  
mixtures 3giced, to  w i t h i n  2 per cent, w i t h  values calculated from an ideal 
solution model. 

The data for  the 

The P-x-y data, the equation of s ta te  for  the vapor, and the density 
correlations were used to  calcullte values of the activity coefficients for 
the components i n  solution. 
functions of composition by means of the van Laar-type relationship, and i n  
t u r n ,  the constants of these equations were expressed as functions of 
temperature by niear,; of polynomi a1 s . 

Next, the coefficients were correlated as 

A pressure-temperature diagram for Aerozine-50 was constructed 
from data for the various phase boundaries, which were calculated from exist- 
i n g  and newly obtained phase equilibria data, vapor pressure data for the pure 
components and equations o f  s ta te  for the vapor and condensed phases. 

Calculated vaiues of enthalpy and entropy for  the boundaries and 
w i t h i n  the various two-phase regions of the phase diagram were tabulated as 
functions of temperature, pressure, and composition. In add.; tion, skeletal 
tempera t u  re-en tropy and press ure-en tha 1 py diagrams were prepared. 



2.0 INTRODUCTION 

The thermodynamic properties of Aerozi ne-50 are of major importance t o  
research, development and design efforts concerning i t s  use as a propellant or 
hydraulic working-fluid i n  space propulsion systems. Recent studies have 
shown t h a t  upon exposure t o  a low-pressure environment, Aerozine-50 can undergo 
rapid evaporati ve cool i ng , and both composition and phase changes, including 
freezing. When used as a fuel i n  a rocket engine these phenomena can, in t u r n ,  
produce severe and even extremely dangerous ignition irregularit ies,  such as 
delayed and exp1,sive ignition. Other studiesz4 have demonstrated that 
Aerozine-50, when used as a hydraulic f l u i d  for the actuation o f  pr-upeilant 
valves, can freeze upon leaking or intentional venting into a vacuum and 
thereby often cause severe malfunctions of the valve. 
other problems and predicting their  extent requires knowledge of the thenno- 
dynamic properties of Aerozine-53. 

2 

Understanding these and 

On December 27, 1966, a program was undertaken to  obtain the needed 
data and to prepare tables ar.d charts of the desired thermodynamic properties, 
which would have sufficient accuracy for most engineering calculations. 
program was d iv ided  into two phases. The pwposes of the first phase were: 
(1)  t o  accumulate and evaluate data, reported i n  the l i terature,  for the thermal 
and physical properties of the pure components, hydrazine and UDMH , and their  
mixtures; (2 )  to decide what remaining data needed to be determined by experi- 
ment; ( 3 )  t o  select  appropriate techniques for correlating the various data 
i n  order t o  minimize the amount of experimentation. The second phase involved 
the needed experimentation, f i t t ing the data to appropriate equations of s ta te  
arld other correlations, and finally, calculation and presentation of the 
properties derived from the data. 

The 

* 

For the purposes of this work, Aerozine-50 was considered to be a 
1 :1 mixture of 

*Unsymnetrical 

hydrazine and UDMH. The standard propellant grade of this 

dimethylhydrazine 
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material consists of 51.0+-8 per cent hydrazine, 47.0 per cent (min) UDMH and 
1.8 per cent (max) wzter. The range of properties considered were for  pres- 
sures froili 0.001 to  60 psia and for temperatures from -100" t o  250°F. 

This report summarizes the results of this program. The correlation 
of experimental data and techniques for  calculating the thermodynamic proper- 
t i e s  from the data are described in 5ection 3.0. 
required for these calculations which have been reported i n  the l i terature  
together with the requirements for additional data are discussed i n  Section 
4.0. The experimental apparatus and procedures used to obtain the missing 
data are desrri bed i n  Section 5 .C. 
of the experimental data are presented i n  Section 6.0. 
properties and skeletal thermodynamic diagrams are discussed in Section 7.0. 
Recomnendations for  additional experimental and analytic work are made i n  
Section 8.0. 

The portion of the data 

The analysis , correlation, and evaluation 
The tables of computed 
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3.0 PHASE DIAGRAM AND TiiEKMODYNAM!C COMPUTATIONS 

I n  t h i s  sect ion,  the phase diagram (P-T) f o r  the system Aerozine-50 

i s  described q u a l i t a t i v e l y .  Then f o r  each reg ion of the diagram the bas i c  
equations and c o r r e l d t i o n s  which are appropr ia te  f o r  t r e a t i n g  the thermo- 

physical  p roper t i es  o f  h y d r t z i  ne-UDMH mixtures are discussed. 

3.1 PHASE DTt1'iRAM FOR AEROZINE-50 

Figure 3-1 i s  J schematic pressure-temperature diagram f o r  the system 
(F igdre ?-1 i s  a q u a n t i t a t i v e ,  p a r t i a l  P-T diagram based on the Aerozine-50. 

data t o  be presented i n  subsequent sections.! The diagram consis ts  of s i x  

s ing le -  o r  n u l t i - p h x e  regions. 
vapor phase by a two-pbase reg ion bounded by bubble-point  and dew-point curves. 
The reason f o r  t h i s  -is t h a t  a two-component system genera l l y  does n o t  vaporize 

congruently. Thus, vapor i n  e q u i l i b r i u m  ( a t  t5e brlbble p o i n t )  w i t h  l i q u i d  
Aerozine-50 does n o t  have the same composition as the l i q u i d ,  b u t  w i l l  have a 
h igher  concentrat ion o f  the more v o l a t i l e  component, UDMH. S i m i l a r l y ,  the 
? i q u i d  i n  e q u i l i b r i u m  ( a t  t bd  dew p o i n t )  w i t h  vapor o f  Aerozine-50 canposi t ion 

i s  r i c h e r  i n  the l ess  b 3 l a t i l e  component, hydrazine. 
p o i n t  and dew-point curves , the l i q u i d  phase has compositions progressing 
from Aerozine-50 t o  t h a t  i n  e q u i l i b r i u m  w i t h  gaseous Aerozine-50. An analogous 
statement holds f o r  the compositions o f  the vapor. 

The condensed phases a re  separated f iYX the 

I n  between the bubble- 

A t  h igh temperatures and pressures the bubble-point  and dew-point curves 

bend over towards each o the r  and meet, forming a loop. 
corresponds to ,  o r  rep1 aces , the c r i  t i c a l  p o i n t  o f  one-component sys tems . 
However, the maximum temperature and maximum pressure f o r  the existence o f  
d i s t i n c t  vapor and l i q u i d  phases occur a t  separate po ints ,  the p l a i t  p o i n t  and 

contac t  po int ,  respect ive ly .  Analogous t o  the cond i t i on  a t  the c r i t i c a l  p o i n t  
o f  a single-component system, the enthalpy o f  vapor iza t ion  (heat o f  vapor izat ion)  

a t  the contact  p o i n t  i s  zer3. 

The top of  t h i s  loop 

Aerozine-50 does n o t  have a true t r i p l e  p o i n t  a t  which congruent 
f reez ing occurs. 
po in ts "  (PTP) e x i s t .  

Instead a 'quadruple p o i n t "  (QP) and two "pseudo-tr ip le-  
Fol lowing the vapor-pressure ctirve from PTP-I  t o  QP, by 
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S I -  L 

1 QP 

Plait Point 

- sII 

TEMPERATURE 
Key: 

V - Vapor 
L -Liquid 

SI - Solid Hydrazine 
S, - Eutectic (approximately 9'7% UDMH) 

PTPI - Pseudo Triple Point I 
PTPII - Pseudo Triple Point I1 

QP - Quadriple Point 

Figure 3.1. Schematic Pressure - Temperature Diagram 
of the System Aerozine-50. 
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simul t a n a u s l y  lowering the temperature and pressure o f  the mixture,  SI 
(hydrazine) freezes as the l i q u i d  becomes enr iched i n  UDMH. 

the l i q u i d  has the e u t e c t i c  composit ion a t  which i t  freezes congruently. 

When QP i s  reached 

3.2 CORRELATIONS AND THERMODYNAMIC COMPUTATIONS 

3.2.1 Vapor Region 

Wilso.:'s modi f icat ion18 o f  the Redlich-Kwong equat ion of s t a t e  has been 

shown t o  be we l l  s u i t e d  f o r  c o r r e l a t i n g  P-V-T data o f  the  vapor phase (see 

Sect ion 6.3). This equat ion i s  (see Table 3.1, page 3-4, f o r  nomenclature): 

(3.1) 

The constant, b, i s  independent o f  temperature and i s  evaluated from the 
composit ion o f  the vapor mix tu re  and the  c r i t i c a l  p roper t ies  of t he  pure 

components. App l i ca t i on  t o  Aerozine-50 y i e l d s :  

(3.2) 

on temperature and P i t z e r ' s  acen t r i c  The 

factor19, W ,  def ined as fo l lows:  

w z log Pi i  - 1.000, i . 
where PRi 
temperature o f  0.7. 
f o r  the pure components, which f o r  a rr!ixtu;e o f  hydrazine and UDMH i s  

i s  the reduced vzpor pressure o f  the component a t  a reduced 
For a mixture,  fmix i s  the  molar average o f  the values 

T \  
= yh f(  qh + Yu f (eyW) 

U f m i  x 

For a pure component, fi can be computed from the r e l a t i o n :  

f ( >,u) = 4.934 [ 1 + (1.57 + 1 . 6 2 ~ ~  (7 T c i  - 1) 1 . 
i 

(3.3) 

(3.4) 
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TAELE 3.1 

NOMENCLATURE 

f - Fugacity, p s i a  

G - Free energy, BTU/lb-mole 

HT - Enthalpy, Btu/ lb-mole 

H:d - Idea l  gas enthalphy, Btu/ lb-mole 

P - Pressure, p s i a  

Pc - C r i t i c a l  pressure, p s i a  

P' - Vapor pressure, p s i a  

R -  

T -  

Tc - 
Y -  

x -  

v -  

Y -  

Universal  gas constant, 1.987 Btu/lb-mole OF 

Entropy, Btu/lb-mole OF 

Idea l  entropy, Btu/lb-mole OF 

Temperature, O F  

C r i t i c a l  temperature, O F  

Vapor composition, mole f r a c t i o n  

L i q u i d  composition, mole f r a c t i o n  

Molar volume, cu. f t . /mole 

A c t i v i t y  c o e f f i c i e n t ,  def ined by equat ion (3-15) 
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NOMENCLATURE (Continued) 

Superscripts 

i d  - idea l  vapor 

bar  ( -1  indicates p a r t i a l  molar quant i ty  

Superscripts 

h 

U 

H 

s 

S 

- l i q u i d  phase 

- vapor phase 

- vapor pressure 

- excess property o f  mixing 

- hydrazine 

- unsymmetrical dimethylhydrazine (UDMH) 

- en th  a 1 py fu nc t i on 

- entropy function 

- s o l i d  phase 
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Enthalpy and entropy o f  the vapor phase o f  Aerozine-50 may be computed 
'-om the re1 a t i  ons , 

V 

and 

HT = H i d  + fH(T,P) = HCd + PV - R T [ P  - T($;)v]TBy. 

P 

ST = S i d  t fS(T,P) = S i d  +[[; + y],V, 

0 

(3.5) 

where the i n t e g r a l s  are t o  be evaluated using the equat ion o f  s ta te .  (See 
Appendix C ) .  The q u a n t i t i e s ,  H:d and S:d, a re  the enthalpy and entropy of 
the i d e a l  gas, respec t ive ly ,  f o r  the vapor mix'ure and are ca lcu la ted  from 
the correspond ng values f o r  the pure components using the r e l a t i o n s h i p ,  

i d  i d  
yh HT,h + yu HT,u ' (3.7) 

3.2.2 Liquid-Vapor Region 

The c a l c u l a t i o n  o f  enthalpy and entropy values i n  the l iqu id -vapor  
reg ion  (F igure 3.1) i s  a two-part  process, s ince  two phases e x i s t  i n  e q u i l i -  
brium. The thermodynamic proper t ies  f o r  the  vapor phase may be evaluated 

by the method discussed i n  the previous sect ioa,  s ince the concentrat ion 
dependency o f  the constants o f  the equat ion ot s t a t e  may be computed. 

The thermodynamic proper t ies  c f  t ~- q n i l i b r i u m  l i q u i d  phase may be 
evaluated from the p a r t i a l  p roper t ies  by t ? e  r e l a t i o n s :  
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and 

'mix = x  h s h + X U T U .  (3.10) 

For a component i n  sol lct ion, the p a r - i a l  molal enthalpy and entropy are  

g iven by the equations: 

0 i d  
- = H (T) i  + fHi(T,P) -  AH^^ -  AH^^^ i Hi 

and 

(3.11) 

(3.12) 

respec t ive ly .  The second terms i n  each o f  these equations are def ined by 

equations (3.5) and (3.6), but, i n  t h i s  case, they apply t o  the  pure compon- 
ents. 

pure components, and the f o u r t h  terms are  the  enthalpy and entropy o f  mixing. 
The t h i r d  terms are  the enthalpy and entropy o f  vapor iza t ion  of the  

Enthalpy and entropy o f  mix ing  are  r e a d i l y  evaluated from composition 
and pressure measurement..; i f  the l i q u i d  phase i s  a regu la r  so lu t i on .  ( J u s t i f i -  
ca t i on  f o r  t h i s  assuinr,ion i s  der ived from the experimental data i n  Sect ion 6.4) 
I n  t h i s  case the enthalpy o f  mix ing f o r  a component i n  s o l u t i o n  i s  equal t o  
the excess p a r t i a l  f r e e  energy and i s  given by the  r e l a t i o n :  

(LHmi  x) i = RT I n  yi , (3.13) 

where yi i s  the  a c t i v i t y  c o e f f i c i e n t  o f  the component i n  so lu t ion .  The 
entropy of  mixing f o r  a r:!gular s o l u t i o n  i s  the corresponding i d e a l  s o l u t i o n  

value: 

( n ~ ~ ~ ~ ) ~  = -R I n  xi (3.14) 
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The a c t i v i t y  c o e f f i c i e n t  f o r  a component i n  s o l u t i o n  may be defined: 

(3.15) 

A 
where fi i s  the f u g a c i t y  o f  the compcnent i n  so lu t i on ,  and fi i s  t he  f u g a c i t y  
o f  the pure component i n  the standard s t a t e  (pure component a t  the pressure and 
temperature o f  the s o l u t i o n  and i n  the same phase). For the case o f  an i dea l  

vapor, equation 3.15 becomes: 

(3.16) 

Relat ionships f o r  c a l c u l a t i n g  values o f  y: from phase e q u i l i b r i a  data together  
w i t h  the equation o f  s t a t e  ar? der ived  i n  Appendix B.  

The values o f  the a c t i v i t y  c o e f f i c i e n t s  2hus obta ined may be corre-  
l a t e d  as func t ions  o f  temperature and composition t o  permi t  i n t e r p o l a t i o n  
and ex t rapo la t i c , i  of t he  experimental data. 
such co r re la t i ons  i s  t c  assume one o f  the f o l l o w i n g  func t ions  fo r  r e l a t i n g  
the excess f r e e  energy o f  mix ing t o  the l i q u i d  composit ion a t  constant 
temperature : 

A common technique f o r  de r i v ing  

2 - B+C(2Xl-1) + D(2x1-1) + ... AGE - 
x, x2RT 

o r  

x, xZRT 2 -- - -- B+C(2X1-1) + D(2x1-1) + ... 
AGE 

(3.17) 

(3.18) 

Values o f  the duan t i t i es  on the l e f t  hand sides o f  these re la t i onsh ips  may 

be ca jcu la ted  from experirnmtal y-x data by use o f  the  f o l l o w i n g  equation 
fo r  the b inary  mixture:  
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(3.19) 

As discussed i n  sec t ion  6, equation(3.18)proved t o  be the  more converlient form 
f o r  c o r r e l a t i n g  the  data obtained i n  t h i s  work, and t h a t  equat ion may be 
reduced t o  a l i n e a r  equation i n  y1, i.e., 

(3.20) 

Then the f o l l o w i n g  r e l a t i o n s h i p s  f o r  I n  y, and I n  y2 may be der ived (see 

Sect ion 6) :  

x i  I 

(SXl + I ) 2  
I n  y1 = -- (3.21) 

x i  (S + I )  

(SXl f I ) 2  
I n  y2 = (3.22) 

where S and I are temperature dependent only. 
equations, i t  can be shown t h a t  they are equ iva len t  i n  form t o  the famolts van 

Laar equations!. 
which may be determined e m p i r i c a l l y .  

(By rearranging these 

The c a e f f i c i e n t s  S and I are func t ions  o f  temperature alone, 

The r e s u l t s  o f  chis procedure are expressions f o r  the a c t i v i t y  c o e f f i -  
c i e n t s  as funct ions o L  temperature and composition. With these, t!,a vapor 
composi t i a n s  along the bubble p o i n t  curve ( l i q u i d  cornpositSon Aerozine-50) 
may be ca lcu la ted  d i r e c t l y .  For the dew p o i n t  curve, (vapor composition 
Aerozine-50) these expressions are used i n  an i t e r a t i v e  procedure t o  compute 
the composit ion o f  the 1 i q u i d .  

3.2.3 L i q u i d  Region 

A c t i v i t y  c o e f f i c i e n t s  for the components i n  l i q u i d  Aerozine-50 

may be computed by the technfque j u s t  described. Since the composit ion of 
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the liquid i s  invariant throughout  th i s  region, only the temperature depend- 
ency need be considered. 
accomplished by us ing  equations (3.9) through (3.12). 

The calcu!ation o f  enthalpy and entropy may be 

3.2.4 Solid-Vapor Region 

W i t h i n  the solid-vapor region, the composition o f  the equilibrium 
vapor pclase ( i f  assumed ideal) may be computed from the total pressure and 
the vapor pressure qf solid hydrazine according to: 

yu = 1 - I’/Ph (3.23) 

where yu is  the mole fraction of UDMH i n  the vapor and P’ 
pressure of solid hydrazine. 
composition is that of AE 9zine-50 (0.348 mole per cent UDMH and 0.652 mole 
per cent hydrazine). 
rearranging yields the formula, 

is the vapor h,s 
A t  the solid-vapor, vapor boundary, the vapor 

S u b s t i t u t i n g  these data i n t o  equation (3.23) and 

P = P’ /0.652. (3.24) h ,s 

Therefore the dew p o i n t  curve for  this region can be calculated from the data 
for the vapor pressure of solid hydrazine, alone. 

The pressure variation along the curves connecting points QP 
and PTPI and points PTPI and PTPII, i n  Figure 3.1, may be computed from the 
re1 a t i  onshi p. 

(3.25) 

where yu and y are given by equations (3.21) and (3.22), respectively. 
The required values of xu and X h  had been determined previously (Section 4.2). 

3.1, represents the sum of the vapor pressures o f  hirdrazine (SI )  and the 
eutectic ( S I I ) .  Since the l a t t e r  i s  94 mole per cent UDMH, pressure variation 
along the curve is  very nearly identical w i t h  the sun: of the vapor pressures 

h 

The curve extending downward and to  the l e f t  o f  QP, i n  Figure 
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of s c l i d  hydrazine and s o l i d  UDMH, i.e., 

= 'u,s "h,s 
. c 

(3.26) 

The values f o r  enthalpy and entropy of the vapor i n  t h i s  reg ion  may be 

computed by the techniques descr ibed i n  Sect ion 3.1.1. 
entropy of s o l i d  hydrazine may be ca lcu la ted  by means o f  s i t i l i l a r  formulas: 

The enthalpy and 

i d  
Hh,s = HT - '"sub,h ' 

and 

(3.27) 

(3.28) 

where, again, the vapor i s  assumed t o  be i d e a l  because o f  the  low pressures 
involved. 

3.2.5 Sol i d -L iqu id  

The s o l i d  phase i n  t h i s  reg ion  i s  hydrazine. Because of the  
low pressure being considered.the composit ion o f  the l i q u i d  phase may be 
assumed t o  depend on temperature alone. 
reg ion  are def ined by the compositions and t h e i r  corresponding temperatures 
along the  curve QP-PTPI. The enthalpy and entropy o f  the  l i q u i d  phase may 
be computed from equations (3.9) through (3.12) according t o  the  t e c L i q u e s  

discussed i n  Sect ion 3.1.2. The corresponding values f o r  the  s o l i d  phase. 
may be computed from equations (3.27) and (3.28). 

Thus the compositions w i t h i n  t h i s  

3.2.6 S o l i d  Region 

Equation (3.26) establ ishes the boundary between t h i s  reg ion  
and the so l id-vapor  region. Assuming t h a t  t he  s o l i d  phase i s  a 50-50 
mix tu re  by weig:,t, then the enthalpy and entropy o f  the s o l i d  per u n i t  mass 
of mix ture may be ca lcu la ted  as fo l lows:  
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HS = .348H + .652 Hh,s u 9 s  
(3.29) 

The values of Hh 
(3.28), respectively. Equations of similar form may be used to  calculate 
values of H and Su,s. 

u,s 

and Sh,s are calculated by means o f  equations (3.27) and 
9 s  
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4 .O FUNDAMENTAL DATA 

This section contains a discussion of the fundamental data which 
were required to construct the desired charts and tables. These cocstitute 
the data necessary for the application of the theory, correlations and 
calculational techniques discussed i n  Section 3.0. T h i s  section also presents 
a review uad evaluation o f  such dsta t h a t  was available from the Literature. 
Further gaps and insufficiencies are identified which had to  be filled by the 
acquisition, experimentally, o f  additicnal data. 

4.1 DATA REQUIRED 

The data required for the derivation of the values for the several 
properties , including enthalpy, entropy, density, pressure and pnase cmposi- 
tion, are as follows. 
data to establish an equation of s ta te  for  Aerotine-50 vapor and the ideal 
properties of the pure components are required. 

In the vapor region, V(A-50) i n  Figure 3-1, P-V-T 

For the l i q u i d  vapor region, L-V, the data required include:(l) 
the latent heats of vaporization and vapor pressure of the pure cmponents, 
and (2 )  the heat of mixing,  density, vapor pressure and composition of the 
equilibrium phases for  the mixtures. As discussed i n  Section 3.2.2 the 
l a t t e r  properties, except for phase densities, are related t o  the activity 
coefficients, which may be calculated from suitable, b u t  limited vapor- 
l i q u i d  phase composition measurements i n  this region. In  order t o  perform 
these calculations as well as t o  compute the enthalpy and entropy of the 
various compositions , P-V-T d a t a  for  vapor mixtures other than Aerozine- 50 
are requi red. 

Similar data are required for the solid-vapor region, S-V. However, 
i n  this case, property d a t a  are also required for the solid phases of the 
pure components. 
and vapor pressure. 

These include the heats of sublimation and fus ion ,  density 

In  the condensed phase region, L(A-50), SI-L and SI-SII, i t  may 
be assumed t h a t  the properties are independent of pressure over the range o f  
interest  (pressures less than 5 a b ) .  Accordingly, the properties, enthalpy, 
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entropy, dens i ty  and composition, a re  funct ions o f  temperature alone, and 
furthermore the values f o r  these proper t ies  a t  the boundaries w i t h  the vapor 
regions are  i d e n t i c a l  t o  the values w i t h i n  the i n t e r i o r  o f  the condensed 

phase regions. 
regions are  required. 

Thus PO a d d i t i o n a l  data beyond t h a t  f o r  the  L-V and S-V 

The data f o r  the l a t e n t  heat  o f  vapor iza t ion  and subl imat ion must 

inc lude the temperature v a r i a t i o n .  

d i r e c t l y ,  b u t  may be der ived from the heat  capac i t ies  o f  the  condensed and 
vapor phases. This i s  the case f o r  hydrazine and UDMH, and consequently the  

heat  capaci ty o f  these mater ia ls  c o w t i  t u t e  a d d i t i o n a l  data t h a t  i s  required. 

General ly t h i s  v a r i a t i o n  i s  n o t  ava i lab le ,  

TLe data requ i red  f o r  the  ccns t ruc t ion  o f  the  des i red char ts  and 
tab les are  summarized i n  Table 4.1. 

4.2 EVALUATION OF DATA AVAILABLE 

I n  general,  a l l  measurements of p roper t ies  o f  hydrazine o r  UDMH 
made a t  h igh  temperatures were suspect s ince  bo th  o f  these compounds are 

known t:, undergo spontaneous, thermal decomposition 1’3e4’5a6. A t  lower 
temperatures, hydrazine i s  known t o  be suscept ib le  t o  heterogeneous o r  

catalyzed decomposition, p a r t i c u l a r l y  i n  the presence o f  c e r t a i n  metals 
(i n c l  ud i  ng mercury) l 5 , I 6 .  
pressures and temperatures1 ’ I7 .  
Sect ion 5.2. 

Even s i l i c a  w i l l  i n i t i a t e  decomposition a t  c e r t a i n  

These phenomena are discussed f u r t h e r  i n  

I n  addi t ion,  the p u r i t y  o f  the samples used i n  ob ta in iqg  the 
measurenents has an in f luence on the accuracy o f  r.,’e data. 
there  was l i t t l e  d r  no in fo rmat ion  g iven abcut the chemical p u r i t y  o r  the  

preparat ion of the  samples used. 

I n  sane cases, 

I n  a d d i t i o n  t o  the data requ i red  f o r  the computations, Table 4.1 
a l s o  summarizes the data which were a v a i l a b l e  from previous work. These 
data are discussed i n  the f o l l o w i n g  paragraphs. 
s p e c i f i c  data which were used i n  the computations. 

Table 4.2 l i s t s  the 
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TABLE 4.1 

Phase Region 

Vapor 

Liquid-Vapor 

Sol id-Vapor 

Data Required f o r  Ca lcu la t i on  o f  
Thermodynamic Proper t ies 

Data Required Data Avai 1 ab1 e 

P-V-T, ideal-gas enthalpy 
and entropy. entrogy . 

Idea l  -;as enthalpy and 

La ten t  heat o f  vapor izat ion,  La ten t  heats o f  vapor i -  
heat capac i ty  and vapor zat ion,  heat capaci ty and 
pressure o f  pure components; vapor pressure (some) o f  
densi ty , P-V-T and a c t i v i t y  pure components ; densi ty 
c o e f f i c i e n t s  f o r  mixtures. (some) and a c t i v i t y  

c o e f f i c i e n t s  (some) f o r  
mixtures. 

La ten t  heats o f  f u s i o n  and La ten t  heats o f  f u s i o n  
subl imat ion,  heat capaci ty and z:blimation, heat 
and vapor pressure of the capac i ty  and vapor 
pure components (sol i d )  ; pressure o f  the pure 
composition, vapor pressure, components (sol i d )  ; 
densi ty  of the eutect ic ;  composi ti ons o f  the f reez- 
a c t i v i t y  c o e f f i c i e n t s  and i n g  l i q u i d  mixtures.  
compositions o f  the f reez-  
i n g  l i q u i d  mixtures. 

Condensed, L iqu id,  
So l i d -L iqu id  and f o r  these regions. 
Sol id .  

No a d d i t i o n a l  data requi red 
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4.2.1 Pure Componen t s  

4.2.1.1 Unsymnetrical Dimethylhydrazine 

8 Aston e t  a1 
UDMH a t  298.16"K equal t o  72.82 5 0.20 e.u, which was ca lcu la ted  from c a l o r i -  
m e t r i c  d a t t ,  and a value o f  70.70 e. u. f o r  the - trans form and 72.30 e . ~ .  f o r  

the gauche form, which were ca lcu la ted  from spectroscopic and molecular 

s t r u c t u r e  data. 

energy than the gauche form, the t rans  form e x i s t s  i n  n e g l i g i b l e  q u a n t i t i e s  

a t  room temperature. Therefore, the  agreement between the values o f  entropy 
ca lcu la ted  from the two sets  of data i s  very good. 

have repor ted a value o f  the ideal-gas entropy o f  

The authors s t a t e d  t h a t  s ince the  t rans  form has a h igher  

The same autnors repor ted ar. experimental value o f  8366 ? 16 ca l . /  
mole f o r  the l a t e n t  heat o f  vapor iza t ion  o f  UDMH a t  298.16"K based on c a l o r i -  
v e t r i c  data and a value o f  8353 cal./mole based on vapor pressure data. These 
dgree w i t h i n  about 0.2%. Data f o r  the  heat  cdpaci ty  o f  s o l i d  and l i q u i d  UDMH 
were repor ted i n  the temperature range from 13" t o  287°K. 

value o f  2407.4 2 1.50 cal./mole was repor ted  f o r  the  heat o f  f u s i o n  a t  the 
t r i p l e  po int ,  215.951 % .005"K. 

An experimental 

The vapor press i f re  o f  UDMH has been measured by Aston i n  the 

temperature range from 237" t o  287.16"K,by Pannet ier  and Mignotte" i n  the 
range from + 35" t o  +65"C, and by Chang and Gokcen' i n  the range from -25°C 

t o  +35"C. 

The data repor ted by Aston and coworkers ( idEal-gas entropy, heat 

of vapor izat ion,  s o l i d  and l i q u i d  heat capaci ty,  and vapor pressure) appear 
t o  be r e l i a b l e .  From the v a r i a t i o n  o f  t r i p l e - p o i n t  temperature w i t h  the 
f r a c t i o n  of sample meltec, the so 
compbted t o  be only  0.01 mole per  
a t  o r  below room temperature, the  
s i g n i f i c a n t  degree. There i s  a s 
decompos i ti on d i  d occur, however. 

id - inso lub le ,  l i q u i d - s o l u b l e  i m p u r i t y  was 

cent. 
UDMH probably d i d  n o t  decompose thermal ly  t o  a 
i g h t  p o s s i b i l i t y  t h a t  heterogenous o r  catalyzed 
The ca lor imeter  and the res is tance thermometer 

Also, s ince the measurements were made 

used f o r  obta in ing the data, from which the  heat capac i t ies  were calculated, 
were made o f  plat inum, and the vapor pressures were measured w i t h  a mercury 
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manometer. Both o f  these metals a re  known t o  ca ta lyze  the  decomposition of 
hydrazine, and they s i m i l a r l y  may cause decomposition o f  UDMH. 

I n  general, the vapor pressure data i n  the range o f  -25°C t o  +35"C 

reported by Chang and Gokcen are h igher  than those repor ted  by Aston and those 
f o r  low temperatures repor ted  by Pannet ier  and Mignotte, bu t  are lower  a t  

h igher  temperatures. (Chang and Gokcen made t h i s  comparison by ex t rapo la t i ng  

each o f  the  th ree  sets o f  da ta  t o  cover the  temperature range f r o m  -25" t o  

+75"C.) 
the  t e s t  samples employed by Chang and Gokcen w' 'e o f  h igher ,  i n i t i a l  chemical 

p u r i t y .  
decomposed because o f  the presence o f  the mercury i n  t h e i r  manometers. 

The reason g iven f o r  d i f f e rences  i n  the th ree  sets  o f  data i s  t h a t  

However, they s t a t e  t h a t  the  UDMH vapor i n  t h e i r  samples may have 

Law:mceP5 has repor ted data f o r  the vapor pressure i n  the range 
from 25°C up t o  the  c r i t i c a l  p o i n t  (25OoC, 53.5 atm), l i q u i d  dens i ty  i n  the  
range from -65" t o  245"C, and ca l cu la ted  values o f  t he  molar  heat capaci ty  
o f  the i d e a l  vapor i n  the  temperature range from -23" t o  227°C. 
the c r i t i c a l  constants, vapor dens i t i es ,  and f o r  vapor pressures above one 
atmosphere and a t  the h igher  temperatures are  suspect, s ince these measure- 
ments were made i n  an apparatus which used mercury ( a  m a t e r i a l  which reac ts  
w i t h  UDMH) as a conf in ing  f l u i d .  

phase should be reasonably good, even though the same apparatus was used, 
because the concentrat ion o f  decomposition products i n  the l i q u i d  phase i s  
genera l l y  neg l i g ib le .  

The data for  

The da ta  f o r  t he  dens i ty  o f  t he  l i q u i d  

4.2.1.2 Hydrazine 

Sco t t  e t  a1 7 have repor ted  experimental data f o r  the  heat  

capaci ty  o f  s o l i d  and l i q u i d  hydrazine i n  the temperature range from 12" t o  

340"K, the  vapor pressure f o r  the s o l i d  a t  0°C and f o r  the l i q u i d  i n  the 
range from 0°C t o  145'2, and the heat  o f  fusion, 3025 cal./mole. The l a t e n t  

heat  of vapor izat ion,  10,700 ? 75 cal./mole, was ca lcu la ted  from the vapor 
pressure data. The ideal-gas entropy a t  298.16"K and 1 atmosphere pressure 

ca lcu la ted  from the c a l o r i m e t r i c  data i s  56.97 2 0.30 e.u. The value o f  
entropy ca lcu la ted  from spectroscopic and molecular s t r u c t u r e  data i s  54.41 e.u .  
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Free energy, enthalpy, heat  capaci ty, and entropy values were ca l cu la ted  from 
the spec t ra l  and s t r u c t u r a l  data i n  the temperature range from 298" t o  1500°K. 

From a study o f  t he  mel t ing  p o i n t  as a f u n c t i o n  o f  the f r a c t i o n  
melted, these authors estimated t h a t  t h e i r  samples used f o r  the  c a l o r i m e t r i c  

measurements were 99.75 mole per  cent  hydrazine and t h a t  the major impur i t y  was 
water. They est imate the maximum uncer ta in t y  o f  the values o f  heat  capaci ty  

t o  be 0.3%, r e s u l t i n g  p r i m a r i l y  from the presence o f  water i n  the samples. 

The small  amount o f  water i n  the samples had a more s i g n i f i c a n t  
e f f e c t  on the vapor pressure measurements. The authors p u r i f i e d  t h e i r  hydra- 

z ine  samples f u r t h e r  by vacuum d i s t i l l a t i o n ,  r e t a i n i n g  the  r i r s t  20% t o  
bo i  1 over f o r  vapor pressure measurements. They compared t h e i r  measurements 

w i t h  those repor ted  by Hieber and WoernerP3. 
lower, and the conclus ion was t h a t  the hydrazine samples used by Hieber and 
Woerner contained more water. 

The l a t t e r  data were c o n s i r t e n t l y  

Chang and Gokcen repor ted  experimental measurements o f  vapor pres- 
sure over the temperature range from 3" t o  52°C. 

h igher  than those repor ted  by Sco t t  e t  a1 and Hieber and Woerner i n  t h i s  
temperature i n t e r v a l .  They suggested t h a t  t h e i r  data a re  the most accurate, 
because they be l ieved t h a t  t h e i r  t e s t  samples were more pure than those used 
by the  o the r  i nves t i ga to rs .  
the range from about 84" t o  133"C, were ex t rapo la ted  t o  cover the temperature 

range i n  which Chang and Gokcen made t h e i r  measurements. 
values were lower, and Chang and Gokcen a t t r i b u t e  t h i s  f a c t  t o  the p o s s i b i l i t y  
t h a t  the  samples used by Pannetier and Mignot te  contained a s i g n i f i c a n t  amount 
o f  water . 

The i r  data a re  somewhat 

The data o f  Pannet ier  and Mignotte, obtained over 

The ex t rapo la ted  

4.2.2 Mixtures 

A considerable amount o f  the data f o r  hydrazine-UDMH mixtures,  
which are  needed t o  cmpu te  the  proper t ies  o f  Aerotine-50, a re  missing o r  
z re  cont rovers ia l .  
o f  phase equi 1 i b r i  a. 

The l a t t e r  appl ies espec ia l l y  t o  previous measurements 

9 Chang and Gokcen s tud ied  the l iqu id -vapor  phase e q u i l i b r i a  fo r  
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mixtures o f  UDMH and hydrazine i n  the temperature range from 0" t o  20°C. The 

composi ti ons g f  the  co-exi s ti ng phases were determi ned from measurements o f  the 

r e f r a c t i v e  index o f  samples o f  t he  l i q u i d  Lnd c o n h s e d  samples o f  the vapor. 

I n  a separate s e t  o f  experiments, the vapor pressures over l i q u i d  mixtures o f  

known cmpos i  t i o n  were measured w i t h  a mercury manometer. 

Pannet ier  end Mignotte" repor ted i s o b a r i c  data f o r  1 iqu id-vapor  
phase e q u i l i b r i a  o f  mix tures i n  the  pressure range from 250 t o  760 IT;m. Phase 
compositions were determined from measurements o f  r e f r a c t i v e  index. 
temperature range corresponding t o  these data was approximately 35" t o  11 2°C. 

The 

Chang and Gokcen made a graphica l  comparison o f  t h e i r  pressure- 
composition data obtained a t  20°C and a s e t  o f  data which they obtained by 
ex t rapo la t i n5  the data o f  F m e t i e r  and h i g n o t t e  t o  a temperature o f  26°C. 
There was considerable dev ia t i on  between the two se ts  o f  data. 

However, both se ts  o f  data were shown t o  be themodynamical ly 

i ncons is ten t  by means o f  a c r i t e r i o n  der ived  from the Gibbs-Duhem equation by 
Scatchard and Raymond'l. I n  t h i s  tes t ,  the  dew p o i n t  pressure i s  ca lcu la ted  
from the measured compositions o f  the e q u i l i b r i u m  phases and i s  compared t o  

the measured pressures. The c a l c u l a t i o n  i s  made assuming i d e a l  vapor behavior 
and n e g l i g i b l e  molar volume o f  the l i q u i d  compared t o  t h a t  o f  the  vapor. 
assumptions are  reasonable because o f  the low pressures invo lved.  Since the 

t e s t  appl ies t o  data obtained a t  constant temperatures, the i s o b a r i c  data 
was converted t o  isothermal  form by c ross-p lo t t ing .  There are  several poss ib le  
explanations f o r  the  inconsis tency o f  these data. The Les t  samples used by 
the i nves t i ga to rs  may have decomposed due t o  c a t a l y s i s  ?r chemical reac t i on  
w i t h  the  conf in ing  vessel o r  w i t h  mercury i n  the manometers. 
have undergone spontaneous, thermal decomposition p a r t i c u l a r l y  i n  the k igh  
temperature reg ion  i n  which Pannet ier  and Mignot te  made t h e i r  measurements. 

These 

The samp:es may 

Another s e t  o f  P-x-y vapor - l i qu id  e q u i l i b r i a  data have been 
repor ted  by L i b e r t ~ l ~ ,  w i thou t  re ference t o  the source o r  t o  the experimental 
cond i t ions  under which i t  was obtained. 

The temperatures and compositions o f  the  condensed phases along the  
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l ?  ,14 cbrves PTP-I1 t o  PTP-I  and PTP- I  t o  QP (see Figlrre 3.1) have been detennined 
The data repor ted by McMillan13 are  probably the most r e l i a b l e ,  because these 

inves t i ga to rs  prepared t h e i r  t e s t  mix tures from very pure hydrazine and UDMH. 

They r e p o r t  a e u t e c t i c  a t  94 mole per  cent  UDMH which mel ted a t  124'K ( p o i n t  

QP, F igure 3.1.). 
the compositions along the curves P T P - I 1  t o  PTP- I  and PTP-I t u  QP have been 

reported. 

On the  o the r  hand, no measurements of the vapor pressure o f  

Data f o r  the dens i ty  o f  propel lant -grade Aerozine-50 1 i q u i d  have 

been repor ted  by Aerojet ' '  f o r  the temperature range from 0" t o  160°F. Since 

these data a re  averages f o r  various l i q u i d  mixtures conta in ing  mounts  o f  

i m p u r i t i e s  w i t h i n  the l i m i t s  o f  use spec i f i ca t$ons  they e x h i b i t  considerable 

s c a t t e r .  

4.3 NEEDED EXPERIMENTAL MEASUREMENTS 

The o v e r a l l  o b j e c t i v e  o f  t h i s  program was t o  prov ide a s e t  o f  
cons is ten t  data f o r  the thermophysical p roper t i es  o f  r \ ro i ine-50,  which would 
have s u f f i c i e n t  accuracy f c r  most engineering ca l cu la t i ons .  
going discussion, i t  i s  apparent t h a t  the  a r i s t i n g  thermal data, i nc lud ing  
i dea l  -gas enthalpy and entropy, condensed phase heat  capac i t ies  , and heats 
of vapor iza t ion  and fusion, a re  adequate f o r  . this purpose. 

From the  fo r ' .  

Thus s u f f i c i e n t  data e x i s t  t o  comput '.'le p rdper t ies  o f  the  vapor 
phase, V(A-50), i f  i d e a l  gas behavior o r  the  adequacy of the equation o f  

s ta te ,  (3.1), may be assumed. However, s u f f i c i e n t l y  r e l i a b l e  data ev iden t l y  
a re  n o t  avai 1 able t o  de f ine  che proper t ies  o f  the two-phase and the condensed 
phase reg ions ,  i nc lud ing  t h e i -  boundaries. Cruc ia l  f o r  t h i s  a re  accurate 

vapor-1 i q u i d  data necessary t o  develop c o r r e l a t i o , i  o f  the l i q u i d  phase 
a c t i v i t y  c o e f f i c i e n t s  which, as show- i n  Sections 3.2 :, 2.2.:~ and 3.2.5 a re  
used t o  he lp de f ine  the thermophysical p roper t i es  i n  thesc regions. 

Accordingly, a p r r  ram o f  experimental wrsurements was planned 
and executed. These measurencnts consis ted o f  (1) the  vapor pressure o f  the 

pure components, espec ia l l y  a t  the h igher  temperatures, f o r  the pwposs G f  

checking e x i s t i n g  data, (2 )  tho  ! iquid-vapor e q u i l i b r i a ,  (3)  the dens i ty  o f  

4- 9 



l i q u i d  mixtures f o r  the purpose o f  checking e x i s t i n g  data and p rov id ing  
add i t i ona l  data needed t o  de r i ve  the values of the a c t i v i t y  coe f f i c i en ts ,  and 

(4)  P-V-T-y data f o r  the purpose of v e r i f y i n g  the adequacy o f  the proposed 
equation of s ta te .  

Table 4.3 l i s t s  these experimental measurements and the range of 

values f o r  tCle var iab les considered. The procedures and r e s u l t s  o f  the 
experiments are discussed i n  the f o l l o w i n g  two sect ions.  
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TABLE 4.3 - Experimental Measurements 

Region Measurement Range o f  Adjusted Variables 

Mixtures : 

Vapor 

L i q u i d  

Liquid-vapor 

P vs V,T,y T: 242°F 

y: G.5, 0.4, 0.2 we igh t - f rac t ion ,  

V: Adjusted tc;  o b t a i n  pressures 

nominal 

from 0.1 t o  2.5 am. 

dens i t y  vs t, x T: 40" t o  200°F 
x: 0.2, 0.4, and 0.5 weight- 

f r a c t i o n  UDMH, nominal 

P vs x, T 

Pure Components : 

L i q u i  d-vapor P vs T 

T: 100, 175 and 242°F. 
x: 0.05, t o  0.5 we igh t - f rac t i on  

UDMH, nominal 

T: 80 t o  242°F. 
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5.0 EXPERIMENTAL INVESTIGATION 

The experimental apparatus and procedures employed t o  ob ta in  the 
add i t i ona l  data discussed i n  Sect ion 4.3 are discussed i n  the f o l l o w i n g  sub- 

s e c t i  cns. 

5.1 PURIFICATION OF COMPONENTS 

As i nd i ca ted  i n  sec t i on  4.0, the canponents must be q u i t e  pure i n  

o rder  t o  ob ta in  meaningful data. 
apparatus shown i n  F igure 5-1 was constructed f o r  the purpose o f  p u r i f y i n g  the 

hydrazine and UDMH used i n  a l l  of the experiments. 

Consequently, the vacuum d i s t i l l a t i o n  

I n  operation, the system was purged w i t h  u l t ra -pu re  ni t rogen, 

and then the pressure was lowered enough t o  draw a charge i n t o  the b o i l e r  
through the f i l l i n g  l i n e .  
bath whose temperature was s l i g h t l y  h igher  than the f reez ing  p o i n t  of the 

product. 
accordingly on l y  the permarznt gases l e f t  t he  system through the vacuum punp. 

A t r a p  t o  c o l l e c t  the p r o d x t  was imnersed i n  a 

A " l ight -ends"  t r a p  was immersed i n  a l i q u i d  n i t rogen  bath and 

To perform the d i s t i l l a t i o n ,  the b o i l e r  was imnersed i n  a warm 
water bath and the pressure o f  the system was lowered u n t i l  b o i l i n g  occurred. 
During the d i s t i l l a t i o n ,  the temperatcre of the warm water bath and the co ld  

bath were ca re fu l  l y  mai n t a i  ned t o  m i  n imi ze the  need f o r  regul  a t i  ng pressure. 

Gas-chromatographic analyses i n d i c a t e d  t h a t  a s i n g l e  d i s t i l l a t i o n  
produced a s i g n i f i c a n t  reduct ion i n  the concentrat ion o f  impur i t i es ,  i nc lud ing  
water and amines. 

vapor pressure o f  the d i s t i l l a t e s  i nd i ca ted  t h a t  f u r t h e r  d i s t i l l a t i o n  was n o t  
requ i red. 

Also, as discv-;ed i n  sec t i on  5.4.1, measurements o f  the 

5.2 DECOMPOSITION STUDIES 

As i nd i ca ted  i n  Section 4.0, both hydrazine and UDMH are suscept ib le  
t o  homogeneous and heterogeneous decomposition. 

decomposition t e s t s  were performed f o r  the purpose o f  determining the compati b i  1 i ty 

o f  the f o l l o w i n g  selected ma te r ia l s  o f  cons t ruc t ion  w i t h  l i q u i d  and vaDor Aero- 
zine-50: (1 )  304 s ta in less -s tee l  ; (2 )  316 s ta in less -s tee l ;  ( 3 )  416 s ta in less -s tee l ;  

Therefore, a ser ies o f  three 
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( 4 )  Pyrex glass;  ( 5 )  TFE-Teflon; (6) 6061-T6 aluminum. 

Two c i ; . r l i f i c a t i t  r e s u l t s  o f  these t e s t s  were: ( 1 )  decomposition 

cause> a n e g l i g i b l e  a l t e r a t i o n  i n  the chemical composit ion o f  the l i q u i d  phase, 

b u t  i t  causes a s i g n i f i c a n t  l e v i a t i o n  of the vapor pressure; ( 2 )  a l l  o f  the 
m a t e r i a l s  tes ted  are compatible w i t h  p u r i f i e d  mixtures o f  UDMH and hydrazine 
( l i q u i d  and vapor) a t  temperatures up t o  240°F, provided t h a t  a l l  surfaces 
exposed t o  the mixtures are thoroughly cleaned and then soaked i n  a mix tu re  
o f  the l i q u i d s  f o r  approximately 48 hours. 

On the bas is  of these r e s u l t s ,  i t  was concluded t h a t  the proposed 
P-V-T and l iqu id -vapor  e q u i l i b r i a  experiments were f e a s i b l e  i f  performed i n  

an apparatus constructed from the mater ia ls  l i s t e d  above. 

The apparatus f o r  performing the c o m p a t i b i l i t y  experiments i s  

shown i n  F igure 5.2. 
(30 cc volume) t h a t  was o u t f i t t e d  w i t h  s f i l l  l i n e  f o r  charging the vessel 

w i t h  the t e s t  l i q u i d  and a pressure tap  which connected the vapor space o f  
the vessel t o  a pressure sensor. To perform a t e s t ,  the evacuated vessel, 

conta in ing samples o f  the  candidate mater ia ls  o f  const ruct ion,  was charged 
w i t h  approximately 15 cc o f  a l i q u i d  mix tu re  o f  hydrazine and UDMH. 

contents of the vessel theti were heated t o  a predetermined temperature by 
means o f  an e l e c t r i c a l  heat ing mant le which was wrapped around the vessel. 
The temperature, measured by a thermocouple a f f i x e d  t o  the  ou ter  w a l l  o f  the 
vessel, was maintained a t  the des i red l e v e l  f o r  per iods o f  two t o  seven hours. 
A t  the end o f  the heat ing period, the mant le was removed, and the vessel and 

i t s  contents were al lowed t o  cool t o  room temperature. 
pressure o f  the vessel were recorded a t  regu la r  t ime i n t e r v a l s  before, durir,g 
and a f t e r  the heat ing per iod.  

I t  consis ted of a s t a i n l e s s  s t e e l  pressure vessel 

The 

The temperature and 

For the f i r s t  two ser ies  o f  tes ts ,  the mixtures were prepared by 
mixing equal volumes o f  unpur i f ied ,  commercially a v a i l a b l e  l i q u i d s .  

pressure i n  the vessel was measured w i t h  a Bourdon-tube gage. 

tests ,  the vessel was heated t o  3 O O O F  and was maintained a t  t h a t  temperature 

f o r  over two hours. 

The 
During both 

The pressure a t  room temperature (8OOF) was s i g n i f i c a n t l y  

5-3 



ATLANTI c RESEARCH CO APORATI ON 

A L L X A N D S I A , V I R O I N I A  

E 
2 

d 
Q, m m 
8 

2 
Q, 
k 

m 
Q, 
Ld 
pc 

-1 
I 

- --- 
l-@ 
I 
I 

13764 

k 
0 w 

5-4 



higher  a f t e r  the heat ing per iod  than before.  Gas-chromatographic analys is  o f  
samples o f  the l i q u i d  used f o r  the f i r s t  t e s t  i n d i c a t e d  t h a t  there  were 

s i g n i f i c a n t  increases i n  the r e l a t i v e  amounts o f  some o f  the i m p u r i t i e s  
o r i g i n a l l y  i n  the l i q u i d  before i t  was heated, b u t  the adsolute increases were 

q u i t e  s m a l l .  No new chemical species were detected a f t e r  the heat ing process. 

The r e s u l t s  of these t e s t s  i n d i c a t e d  t h a t  decompositio,; causes a 

n e g l i g i b l e  change i n  ths  chemical composit ion o f  the  l i q u i d  phase, b u t  i t  

causes a s i g n i f i c a n t  change i n  the vapor pressure. 
decided t o  use pressure mepsurements as an i n d i c a t i o n  o f  the occurrence o f  

decomposition dur ing subsequent tes ts .  
gage was replaced w i t h  a var iab le  re luctance- type pressure transducer which 

had b e t t e r  pressure reso lu t ion .  

Consequently, i t  was 

Therefore, t h e  Bourdon-tube pressure 

There are several  poss ib le  reasms f o r  the  occurrence o f  decomposi- 
t i o n  dur ing these two t e s t s .  ( 1 )  The mater ia l  banlple.. vessel, valves, e t c .  
had n o t  been exposed prev ious ly  t o  the l i q u i d s .  It i s  comeivab le  t h a t  the 
decomposition occurred heterogeneously, i n v o i v i n g  c a t a l y s i s  o r  r e a c t i o n  w i t h  

the samples o r  vessel, o r  w i t h  contaminates adsorbed on the exposed surfaces. 
I f  t h i s  were t rue,  then i t  might  have been poss ib le  t o  passivate the surfaces 
by exposing them t o  hydrazine-UDMH mixtures f o r  a l o n g  per iod  o f  t ime. 

l i q u i d  mix tu re  had n o t  been p u r i f i e d ;  one o f  the i m p u r i t i e s  might have caused 
o r  accelerated t5e  decomposition react ions.  
t i o n  occurred. I n  t h i s  case, there i s  no p r a c t i c a l  remedy. 

( 2 )  The 

(3 )  Spontaneous, thermal decomposi - 

For the t h i r d  ser ies  o f  tes ts ,  procedures were modi f ied s l i g h t l y  t o  

e l iminate,  o r  a t  l e a s t  t o  minimize, the suspected causes o f  decomposition. 

I n  order  t o  passivate the mater ia ls ,  the vessel and ramples were soaked f o r  
about two days i n  a f r e s h l y  prepared l i q u i d  mixture and then d r i e d  thoroughly 

and s tored i n  a pure n i t rogen atmosphere. 
approximately t h a t  o f  Aerozine-50),used i n  these tes ts ,  was p u r i f i e d  by a 
s i n g l e  d i s t i l l a t i o n  a t  a reduced pressure. 

The l i q u i d  mix tu re  (composit ion 

A f t e r  in t roduc ing  the samples and f i l l i n g  w i t h  the l i q u i d  mixture,  

the vessel was al lowed t o  stand a t  room temperature f o r  seven hours. The 
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pressure i n  the vessel was v i r t u a l  l y  constant f o r  th2 e n t i r e  per iod.  Then 

the heat ing mant le was i n s t a l l e d ,  and the vessel was heated t o  127OF. The 
pressure increased a t  f i r s t ,  and then i t  became constant. 

maintained a t  127°F f o r  two hours a f t e r  the pressure had reached a near ly  

s t a t i o n a r y  value. Then the vessel was al lowed t o  cool  t o  room temperature, and 
the e q u i l i b r i u m  pressure was recorded. 

value a t  room temperature p r i o r  t o  the heat ing per iod,  which ind ica tes  t h a t  
s i g n i f i c a n t  r e a c t i o n  had no t  occurred dur ing the t e s t .  

The temperature was 

This value agreed c l o s e l y  w i t h  the 

The vessel was then heated t o  201°F and was maintained b t  t h i s  

temperature f o r  about two hours a f t e r  the pressure had reached a constant 
value. As before,  the vessel was cooled t o  room temperature, and the 

e q u i l i b r i u m  pressure was recorded. 
between the values obtained before and a f t e r  heat ing the l i q u i d .  

Again there  was no s i g n i f i c a n t  d i f ference 

F i n a l l y ,  the vessel was heated u n t i l  the pressure became constant 
a t  about 45 psia,  corresponding t o  a temperature o f  240°F, and was maintained 
a t  t h i s  temperature f o r  over three hours. Again, a f t e r  the vessel had cooled 
t o  room temperature, the pressure agreed c l o s e l y  w i t h  the value p r i o r  t o  
heat ing . 

A f t e r  t h i s  l a s t  t e s t  the l i q u i d  was t r a n s f e r r e d  t o  a glass sample 
b o t t l e  t h a t  had been purged w i t h  n i t rogen.  
exh ib i ted  no v i s i b l e  evidence o f  react ion.  The m a t e r i a l  samples, valves, 

vessel, and transducer diaphragm were examined v i s u a l l y  also.  
apparent change i n  c o l o r  o r  l u s t e r  as a r e s u l t  o f  the l a s t  t e s t .  

The l i q u i d  was q u i t e  c l e a r  and 

There was no 

5.3 LIQUID DENSITY MEASUREMENTS 

A pycnometric technique was employed t o  measure l i q u i d  dens i t ies .  
The apparatus i s  shown i n  F igure 5.3. 
weight o f  l i q u i d  requi red t o  fill a vessel o f  known volume a t  a p a r t i c u l a r  
temperature. 

was measured by determining the weight o f  water i t  would conta in  a t  var ious 
temperatures w i t h i n  the range over which densi ty  measurements were t o  be made 

The procedure invo lved determir.ing the 

P r i o r  t o  performing the measurements, the volume o f  the vessel 
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I n  o rder  t o  assure t h a t  the pycnometer f i l l e d  completely, i t  was 

evacuated p r i o r  t o  loading, and the charge vessel was heated t o  such a tempera- 

t u r e  t h a t  the  system pressure was grea ter  than one atmosphere and s i g n i f i c a n t l y  
h igher  than the vapor pressure o f  the l i q u i d  i n  the pycnometer. A f t e r  f i l l i n g ,  
the pycnometer was soaked a t  bath temperature f o r  several hours t o  a l low f o r  
thermal equ i l i b r i um t o  be achieved. 

open, and the  charge vessel was mait?!c,airred a t  i t s  h igher  temperature. Afte,. 
the  soaking i n t e r v a l ,  the  pycnometer i n l e t  va lve was closed, and the vessel 

was removed from the system, dr ied,  and al lowed t o  cool t o  roan temperature. 
Then i t  was weighed on an a n a l y t i c  balance (2.5 m i l l i g r a m ) .  

During t h i s  periad, the f i l l  l i n e  remained 

5.4 APPARATUS FOR P-V-T, LIQUID-VAPOR EQUILIBRIA AND PURE COMPONENT 
VAPOR PRESSURE MEASUREMENTS 

The experiments t o  determine P-V-T p roper t i es  and vapor - l iqu i  d 
e q u i l i b r i a  were performed i n  an apparatus cocs i s t i ng  o f  a constant volume c e l l ,  
a constant temperature bath, and sample t raps .  The arrangement o f  these 

components, together  w i t h  the associated ins t rumenta t ion  f o r  the  experiments, 

are shown i n  Figures 5.4 through 5.9. 

The constant volume c e l l  (Figures 5.8 and 5.9) was a th i ck -wa l l  

vessel const ructed from 6061-T6 aluminum and had a Pyrex window a t  one end t o  
permi t  v i sua l  observat ion o f  the phases present. 

establ ishment o f  equ i l ib r ium,  the  contents o f  the c e l l  were s t i r r e d  by a f l a t ,  
magaeti ca l  l y  d r i ven  paddle, which revolved about the ho r i zon ta l  ( long)  ax i s  
and swept the e n t i r e  volume o f  the  c e l l .  
the wa l l s  o f  the  c e l l  i n  order  t o  minimize the  u n s t i r r e d  spaces between the 

i n t e r i o r  o f  the  c e l l  and the valve seats. 

I n  o rder  t o  insure  the  

The sampling valves were b u i l t  i n t o  

The pressure o f  the contents o f  the c e l l  was measured w i t h  a va r iab le  
reluctance-type transducer which had a maximum r e s o l u t i o n  o f  about 0.057 t o r r .  
The transducer was mounted on the ou ter  sur face o f  the c e l l  and was connected 
t o  the vapor space i n  the c e l l  through a small-diameter p o r t  d r i l l e d  through 

the wa l l .  

The transducer was c a l i b r a t e d  d i r e c t l y  w i  t h  standard pressure gages 
such as a McLeod-type vacuum gage, Bourdon-tube pressure gages, open-end U-tube 
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manometers, e tc .  
exper i  men t . 

Cal ib ra t ions  were performed bo+h before and a f t e r  each 

The tempzrature o f  the  c z l l  was c o n t r o l l e d  by immersing i t  i n  
: thennostated bath whose temperature was measured w i t h  standard thermometers. 
Two thermocouples, which were imbedded i n  the t h i c k e s t  por t ions  o f  the w a l l  
o f  the c e l l ,  w i t h  t h e i r  beads loca ted  very near the inner  surface, were used 

t o  check the establ ishment of thermal equi 1 i briuni throughout the c e l l .  

Considerable caut ion  Wac exercised t o  prevent contamination o r  

decomposition o f  the  l i q u i d  samples from t h e i r  contact  w i t h  the apparat is.  
P r i o r  t o  assembling the system, a l l  surfaces which would be i n  contact  w i t h  

the  samples were thoroughly cleanc '. A f t e r  assembly and leak tes t ing ,  the 

system was evacuated and heated t o  induce outgassing. Then the t e s t  c e l l ,  

sampling l i n e s ,  etc.  were passivated by f i l l i n g  w i t h  l i q u i d  A-50 and a l low-  

i n g  t o  soak overn ight .  

A f t e r  the bu lk  o f  the  l i q u i d  was removed, the apparatus was vacuum 

dr ied.  

imnediate connecting l i n e s  were exposed on iy  t o  p u r i f i e d  l i q u i d s  and vapors, 

o r  t o  u l t ra -pure  ni t rogen. 
components i n  the system was requ i red  dur ing  an experiment, the c r i t i c a l  areas 
o f  the system wer2 va?ved o f f ,  and then the f i t t i n g s  and connecting l i n e s  
which might  have been exposed t o  a i r  were evacuated f o r  a considerable length  
of t ime before the system valves were reopened. 

From t h i s  p o i n t  on, the  i n t e r i o r  surfaces o f  the t e s t  c e l l  and 

I n  cases where the removal o r  i n s t a l l a t i o n  o f  

5.5 PROCEDURES FOR VAPOR PRESSURE, P-V-T, AND LIQUID-VAPOR 
EQUILIBRIA EXPERIMENTS 

5.5.1 Vapor Pressure o f  Pure Combonents 

Approximately 50 ,c o f  f r e s h l y  d i s t i l l e d  l i q u i d  was drawn i n t o  
the evacuated c e l l .  

the system was al lowed t o  e q u i l i b r a t e ,  and the s teddy-state temperature and 
pressure were recorded. 

amounts o f  l i q u i d  o r  vapor phase i m p u r i t i e s ,  the  pressure was determined again 
a f t e r  a p o r t i o n  o f  the sample was b o i l e d  away by momentarily opening the vapor 

The bath temperature was adjusted t o  the des i red value, 

I n  order  t o  t e s t  f o r  the presence o f  s i g n i f i c a n t  
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space t o  the vacuum system. The values of vapor pressure obtained before and 
a f t e r  the b o i l - o f f  agreed c l o s e l y  f o r  measurements w i t h  both l i q u i d  species, 

i n d i c a t i n g  t h a t  the p u r i t y  o f  the d i s t i l l e d  l i q u i d s  were s a t i s f a c t o r y  f o r  use 

i n  the P-V-T and 1 iquid-vapor equi 1 i b r i a  experiments. 

5.5.2 P-V-T Experiments 

Approximately one cc o f  l i q u i d  m i x t w e  of known composit ion was 
t rans fer red  i n t o  a m a l l  charge vessel t h a t  was subsequently at tached t o  the 
upper sample p o r t  o f  the e q u i l i b r i u m  c e l l .  

ca l ib ra ted ,  the c e l l  and a l l  connecting passages were evacuated. Then the 
lower sampling valves were c losed and a l l  upper valves were opened ( c f .  

F igure 5.4.) The vessel conta in ing the t e s t  sample was heated by means o f  an 
a i r  gun, and the c e i l  was kept  a t  a ? e l a t i v e l y  low temperature by adding i c e  
t o  the bath medium. 

vessel i n t o  the c e l l  where i t  condensed. 

A f t e r  the transducer had been 

As a r e s u l t ,  t h t  sample d i s t i l l e d  o u t  G f  the charge 

M t e r  the t r a n s f e r  had been completed, the charge vessel was replaced 
by a l a r g e r  vessel, o f  known volume, immersed i n  the bath f l u i d .  Th is  
"expansion v c l  ume" and associated cor?nect 

Tt bath was heated t o  the des 
l e v e l  u n t i l  t ' le thermocouples Smbedded i n  
transducer i n  d i  cated t h a t  equi 1 i b r i  um had 

pressure o f  ,he c e l l  were recorded. Next 

ng l i n e s  were evacuated. 

red temperature and h e l d  a t  t h a t  
the c e l l  w a l l  and the pressure 
been reached. The temperature and 

the c e l l  was opened t o  the expansion 

volume, and the c e l l  pressure was recorded a f t e r  e q u i l i b r i u m  had been reached. 

Then the valves were closed, and the  expansion volume was re-evacuated. By 

repeat ing t h i s  expansion process several  times, dc ta  were obtained o f  the 

form: ( c e l l  pressure) vs (volume f r a c t i o n  o f  i n i t i a l  charge). As i n d i c a t e d  

i n  sec t ion  6, these data were used t o  c a l c u l z t e  the constants o f  the equat ion 
of s ta te .  

The volume o f  the expansion vessel was determined by weighing the 
d i s t i l l e d  water i t  would conta in  a t  a known temperature. 

u?per passages of the c e l l  was ca lcu la ted  from the known dimensions o f  the 
por ts ,  va lve c a v i t i e s ,  e tc .  

The volume o f  the 

These two volumes, the vessel and the c e l l  
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passages, cons ti t u t e d  the expansion volume. 

The volume o f  the t e s t  c e l l  (conf ined by the two i n n e r  valves) W A S  

determined by pressur iz ing  the c e l l  w i t h  n i t rogen,  and then a l lowing t h i s  gas 

t o  expand i n t o  the i n i t i a l l y  evacuated expansion volume. Since the expansion 
volume, the temperature, and the pressure before and a f t e r  the expansion process 

were known, the volume o f  the  c e l l  could be ca lcu lated.  

5.5.3 Liquid-Vapor E q u i l i b r i a  

The expansion vessel used f o r  the P-V-T experiments was p a r t i a l l y  
f i l l e d  w i t h  f r e s h l y  d i s t i l l e d  UDMH and then r e - i n s t a l l e d  a t  the upper p a r t  o f  
the t e s t  c e l l .  About 30 cc o f  hydrazine was d i s t i l l e d  i n t o  the evacuated c e l l  

through the lower sample p o r t .  

des i red l e v e l ,  and the system was al lowed t o  reach equ i l ib r ium.  The temperature 
and pressure o f  the  t e s t  c e l l  were recorded. 

was f r e e  o f  non-condensibles, a small  amount of t h e  l i q u i d  was b o i l e d  away by 
momentarily opening the  upper valves o f  the c e l l ,  and pumping away some of the 

vapors. The system was al lowed t o  r e - e q u i l i b r a t e ,  and again the pressure and 
temperature were recorded. This was repeated u n t i l  reproducib le  values o f  

pressure and temperature were obtained, b u t  o r d i n a r i l y  on ly  one b o i l - o f f  was 
required. 

pressure data obtained prev ious ly  dur ing a separate s e t  o f  experiments (see 
Sect ion 5.5.1 .) 

The bath temperature was adjusted i o  the 

I n  order  t o  assure t h a t  the system 

The f i n a l  s e t  o f  data served as a check on the pure component vapor 

A f t e r  the  check f o r  permanent gases had been completed, a s u f f i c i e n t  

q u a n t i t y  of UDMH was admit ted t o  the c e l l  through the upper p o r t  t o  r a i s e  the 
pressure t o  a pre-selected value. The system was al lowed t o  e q u i l i b r a t e  as 
ind ica ted  by a constant pressure reading. 

b o i l e d  o f f ,  t h i s  t ime t o  remove any gases t h a t  may have been d isso lved i n  the 
UDMH. 

c e l l  pressure were recorded. A sample o f  the l i q u l d  phase was c o l l e c t e d  i n  
the prev ious lv  '"acuated passage between the two lower samr 1 i n g  valves. 
sample vessel ,.*s evacuated and then cooled w i t h  l i q u i d  nf t rogen.  

sampling va lve was opened, 

Again, some o f  the l i q u i d  was 

A f t e r  e q u i l i b r i u m  had been re-establ ished, the bath temperature and 

The 
The ou ter  

and the sample was al lowed t o  d i s t i l l ,  t o t a l l y ,  
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i n t o  the  vessel where i t  s o l i d i f i e d .  A f t e r  the  t r a n s f e r  was complete, the  

vessel was pressur ized t o  one atmosphere w i t h  u l  t ra-pure n i  trogen gas, removed 
from the  system, and then capped. 

pressure measurement, and sampling were repeated several times a t  constant  

temperature u n t i l  the vapor pressure of the l i q u i d  was t h a t  of Aerozine-50 

(based on l i t e r a t u r e  data) .  
gas chromatography. 

The UDMH add i t ion ,  p a r t i a l  b o i l - o f f ,  

The samples of l i q u i d s  were analyzed by means o f  
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6.0 fl,NALYSIS AND DISCUSSION OF DATA 

6.1 DENSITY 

The data f o r  the densi ty  o f  l i q u i d  mixtures are presented graphi -  
c a l l y  i n  F igure 5.1. The s o l i d  curves i n  t h i s  f i g u r e  were ca lcu la ted  from 
dens i ty  data f o r  ';ne pure conponents assuming t h a t  the  so lu t ions  were i d e a l  
(volume change o f  mixing equals zero).  

of a mix tu re  was used: 
The fo l low ing  formula f o r  the densi ty  

1 

- 'h + -  xu 
P =  

'h 'u 

For the pure component values, the f o l l o w i n g  c o r r e l a t i o n s  o f  the l i t e r a t u r e  
data (checked by experiment) were used: 

-6 2 
= 1.026 - 8.3406 x 10-4t  - 1.2122 x 10 

+ 3.1171 x 10 t , 
t 'h 

-9 3 

and 

= 0.814 - 1.011 x 10-3t, 
'U 

where t i s  temperature i n  "C. 

The rnax:mum d e v i a t i o n  o f  the data from the t h e o r e t i c a l  curves i s  
approximately 22, which i s  near ly  the l i m i t  o f  r e p e a t a b i l i t y  o f  the exper i -  
mental measurements. 
ca i  cu l  a t i  ons . 

This  accuracy should be s u f f i c i e n t  f o r  most design 

6.2 VAPOR PRESSURE OF PURE COMPONENTS 

Figure 6.2 presents the data f o r  the vapor pressure o f  hydrazine 
Both se ts  o f  data were f i t t e d  by the method o f  l e a s t  squares t o  

The 
and UDMH. 
the s i m p l i f i e d  tcrm o f  the i n t e g r a t e d  ClaiAsius-Clapeyron equation. 
r e s u l t i n g  expressions are : 
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f o r  hydraz i  ne, 
2320.2 . loglOPh = 8.9288 - T , 

f o r  UDMH, 
loglop; = 8.2611 - - 1897.6 

T 

Tables 6.1 and 6.2 compare the .:slues of vapor p resswe  ca lcu la ted  
from equ.i t ions (6.4) and (6.5) w i t h  values ca lcu la ted  from c o n e l a t i n g  expres- 

sions g iven i n  the l i t e r a t u r e .  For hydrazine, the data of Sco t t  e t  a1 are 
i n  c loses t  agreement w i t h  the pt‘esent work,and f o r  UGMH, the  dat? n f  Pdnnet ier  

and Mignottc’gre i n  c loses t  agreement. 

7 

As discussed i n  Sect ion 4.0, t l ,ere are t w 3  pr imary reasons f o r  

discrepancies between sets  o f  v-ipor pressure data repo: ted  by d i f f e r e n t  
i n v r s t i g s t o r s :  impur i ty  o f  t e r t  samples and chemical ,xomposi t i o n .  The 
degree c f  p u r i t y  o f  the 1 iqu ids employed i n  these measurements was shown t o  
be q u i t e  h igh (Sect ion 5.0) , and COnSiderdUle p re l im ina ry  experimentation was 
performed f o r  the purpose of se lec t i ng  su i  t ab le  rnater is ls  o f  cons t ruc t ion  and 
l i m i t s  o f  operat ion t o  avoid s i g n i f i c a n t  decomposition i n  both the l i q u i d  and 
the vapor phases. As ~r r e s u l t ,  the vapor prec::re da+? Gbtained are cons dered 
t o  t ?  q u i t e  r e l i a b l e ,  

6.3 P-V-T 

As i nd i ca ted  i n  Sect ion 5.0, the  P-V-T data were obtained i n  the 
forni: 
temperature. 
gaseous mixtures, as described i n  the f o l l o w i n g  paragraphs. 

(pressure) vs (voluine f r a c t i o n  o f  i n i t i a l  c e l l  charge) a t  constant 
These data y i e l d e d  the constant: o f  t he  equation o f  s t a t e  f o r  

The number o f  moles o f  vapor o r i g i n a l l y  i n  the c e l l ,  No, i s  
g iven by: 

No = i , ~ i M ,  

where m i s  the mass o f  the vapor and M i s  i t s  molecclar weight. ( f o r  a 
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TABLE 6.1. Coniparison of Data for Vapor ?resure 
o f  Hydrazine 

Chang Hieber Pannetier 
and 10 Mi gno tte and 23 Temperature This Scott7 and 

O C  Work e t  a1 Gokcen I C T ~ ~  Woener 

0 2.74 2.75 2.94 2.81 2.67 2.84 

50 56.4 56.6 56.7 54.0 54.4 54.9 

100 516.5 514.5 494.5 469.9 493.9 481 .O 

150 2802 2807 2585 2454 2663 2520 

Pressure units : mi 11 imeters of mercury. 
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TABLE 6.2. Cmparison o f  Data for Vapor 
Pressure o f  UDkH 

Panneti er Chang 
28 As ton e and 

and 10 e t  a1 -- Gokcen9 Barger "C L_ Work M i  g no tte 
Temperature This  

c 44.1 44.7 41.1 48.0 45.2 

50 465.9 460.2 515.0 496.3 483.5 

1 00 2616 2535 3278 2746 2739 

150 9768 9331 13480 10040 19300 

Przssure uni t s :  m i  11 imeters o f  mercury. 
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in ixture,  the molecular weight i s  t he  molar average of the molecular weights 
of the pure compcients.) 

remaIri ing i n  the c e l l  i s  

A f t e r  the f i r s t  expansion, the number of moles, N1 

khere I', i s  the volume o f  the c e l l ,  and VE i s  the expansion volume. 

A f t e r  the second expansion, N2 moles remain as g iven by: 

2 

N2 =($ (vc Y C V E )  - 
I n  general, a f t e r  k expansions: 

where E = Vc/ (Vc  + VE) , the volume f r a c t i o n  o f  the charge which remains i n  

the  c e l l  a f t e r  the expansion. 

Now f o r  moderate values o f  pressure the  equat ion o f  s t a t e  
The equat ion becomes: (equat ion 3.1) may be s i m p l i f i e d ,  s ince V>>b. 

p = - (F), (6.7) 

where 
B = fb.  (6.8) 

The molar volume, V, may be replaced by the equivalent,  V,/!jk. Y 

equation (6.7) becomes a f t e r  rearrangement: 

Then 
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Equations (6.6) and (6.9) are combined and then rearranged t o  obtain:  

E 

(6.10) 

According t o  equation 
and composition, a 

data obtained a t  constant temperature 
k 

E should be a s t r a i g h t  l i n e  w i t h  slope, 

S, given by: 

and in te rcep t ,  1, given by: 

I = (;) y . 

(6.11) 

(6.12) 

Then the constant B can be ca l cu la ted  fm the f o l l o w i n g  r e l a t i o n s h i p  which 
r e s u l t s  from the combination o f  equations(6.11) and (6.12): 

(6.13) 

The procedure f o r  t e s t i n g  the v a l i d i t y  o f  the equat ion o f  s t a t e  

(3.1) was as fo l lows:  
j u s t  described t o  t e s t  f o r  the predic ted l i n e a r i t y  and t o  ca l cu la te  the value 
o f  B using equation (6.13). 

from equation (6.8), using the  values o f  b and f, given by equations 
(3.2) and (3,3),respectively. 
equation (6.7) t o  c a l c u l a t e  values o f  pressure a t  var ious se lec ted  values 
o f  molar volume. 

(1) The experiment31 data were p l o t t e d  i n  the manner 

(2 )  Values o f  the constant, 6, were ca l cu la ted  

(3) Both values o f  6 were s u b s t i t u t e d  i n t o  

Figure 6.3 i s  a t y p i c a l  example o f  the experimental data p l o t t e d  
i n  the manner i nd i ca ted  above. The s t r a i g h t  l i n e  was constructed by using 
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the values o f  S and I obtained by f i t t i r g  the dzca t o  equat ion (6.10) by 

the method o f  l e a s t  squares. O r d i n a r i l y ,  t4e data dev iated from the f i t t e d  

curves by less than 1.5%, which i s  acceptable s ince t h i s  method o f  p l o t t i n g  
the data emphasizes experimental e r r o r .  

Table 6.3 compares the values o f  the constant B obtained from 
the data w i t h  those values ca lcu la ted  by means o f  equations (3.2),(3.3), 

and (6.8). The somewhat l a r g e  dev ia t ions  l i s t e d  i n  the t a b l e  are n o t  

p a r t i c u l a r l y  bothersome because, as shown l a t e r ,  the term conta in ing  B i n  
the s i m p l i f i e d  equat ion of s t a t e  (6.7) represents o n l y  a few per  cent o f  the 

ca lcu la ted  pressure. 

Table 6.4 conpares values o f  pressure ca lcu la ted  by means o f  
equat ion (6.7) using both the experimental and pred ic ted  values o f  B f o r  a 

temperature o f  390°K (242.3"F) and f o r  a vapor composit ion o f  56.i4 weight 
per  cent  hydrazine. 
beciAse the h ighes t  r e l a t i v e  d e v i a t i o n  occurred between the two values o f  B. 
Even so, as i n d i c a t e d  by the l a s t  column i n  the tab le,  the agreement between 

the values o f  pressure i s  q u i t e  good. 
form of the equat ion o f  s t a t e  (6.7). 

i s  i d e n t i c a l  t o  the i d e a l  gas law. 
as a c o r r e c t i o n  f o r  non- idea l i t y .  
considerat ion,  i t  i s  expected t h a t  r a t h e r  small  cor rec t ions  f o r  non- ideal i  ty 

are required. As a r e s u l t ,  the second term o f  the equat ion should be r a t h e r  
small  compared t o  the f i r s t  and consequently l a r g e  r e l a t i v e  e r r o r s  i n  B 
have a very minor e f f e c t  on the ca lcu la ted  values o f  pressure. 

This p a r t i c u l a r  data p o i n t  was chosen f o r  i l l u s t r a t i o n  

The reason f o r  thi;  l i e s  w i t h  the 

The f i r s t  term on the r i g h t  hand s ide  

Then the second term may be regarded 
Since on ly  inoderate pressures are  under 

Fur ther  examinat on o f  Table 6.4 reveals  t h a t  f o r  pressures 
below approximately 0.5 atm, the i d e a l  gas l a w  i s  a s u i t a b l e  equat ion of 
s t a t e  f o r  hydrazine-UDMH mixtures.  Note t h a t  a t  a pressure o f  0.528 atm 

the i d e a l  gas law pred ic ts  a value of 0.533 atm, a d e v i a t i o n  o f  less  than 

one per  cent. 
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TABLE 6.3. Comparison Between Experimental and 
Pred ic ted  Values o f  B f o r  242.6"F 

yh Bexp Bpred ic ted  Devi a t i o n  

(weight  
f r a c t i o n )  

0.2342 

0.5674 

0.5949 

0.7818 

-514 

- 564 

-366 

-358 

-535 

-461 

-455 

-41 6 

- 4  

22 

20 

- 1 4  
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I n  conclusion, the P-V-T experiments have shown t h a t  the  

o r i  g i  na l  l y  proposed eq!!ati on o f  s t a t e  f o r  the  vapor phase , the Red1 i ch-Kwong 

equation, i s  s u i t a b l e  f o r  a p p l i c a t j o n  t o  the hydrazine-UDMH system f o r  

pressures up t o  approximate:y three atmospheres. 

gas law i s  adequate f o r  pressuI.es up t o  approximately 0.5 atm. 

Also, t he  s imp ler  i d e a l  

6.4 LIQUID-VAPOR EQUILIBRIA 

Figures 6.4, 6.5 and 6.6 present  the  experimental P-x isotherms. 

The curves fo r  the  l i q u i d  were drawn through the data po in ts  ~y hand. The 
s o l i d  curves f o r  the  vapor were ca l cu la ted  w i t h  che a i d  o f  an IBM System 360 

d i g i t a l  computer, from the P-x data, using the Gibbs-Duhem equation and the  
equation o f  s t a t e  f o r  the  vapor. The method f c r  doing t h i s  i s  developed i n  
Appendix A.  

The dashed curves f o r  the  vapor i n  these f i g u r e s  were ca lcu la ted  
by assuming t h a t  the vapor was i d e a l  and t h p t  the  volume o f  the l i q u i d  was 

n e g l i g i b l e  compared t o  t h a t  o f  the vapor (as i s  commonly done f o r  low 

pressures). The e r r o r s  r e s u l t i n g  from these assumptions, as shown i n  F igure 

6.7, a re  r a t h e r  s i g n i f i c a n t  and become l a r g e r  a t  the h igher  pressures. 
Consequently, these twcr assumptions are n o t  v a l i d  f o r  t h i s  bystem, even 

a t  the moderate pressures a t  which these experiments were performed. 

Values o f  the logar i thm o f  the  a c t i v i t y  c o e f f i c i e n t s  f o r  both 
components i n  s o l u t i o n  were ca l cu la ted  frum the P-x-y data employing the 

re la t i onsh ips  der ived  i n  Appendix 6. 
6.6, and 6.7. 

The r e s u l t s  are l i s t e d  i n  Tables 6.5, 

Cor re la t i on  o f  the a c t i v i t y  c o e f f i c ' m t s  was a d i f f i c u r  - problem. 
The reason f o r  t h i s  was t h a t  a co r re la t i on ,  which could ex t rapo la te  the data 
w e l l  ou ts ide  the range o f  t he  measurements, was desiyed. 
c o r r e l a t i o n  using a r b i t r a r y  po l jnomia ls  i s  unsat is fac to ry ,  s ince such a 
technique i s  accurate on ly  f o r  i n te rpo la t i on .  
f i r s t  t o  ex t rapo la te  the data, using some reasonable t h e o r e t i c a l  bas is .  
Subsequent t o  t h i s ,  i n t e r p o l a t i v e  co r re la t i ons  then were developed. 

Thus, a d i r e c t  

Accordingly, i t  was necessary 
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Weight 
Fract ion 
UDMH i n  
L iqu id  

TABLE 6.5. Liquid-Phase A c t i v i t y  Ccef f ic ients  f o r  
Hydrazine-UDMH Mixtures a t  100.2"F 

Wei gh t 
Fract ion 
UOMH i n  
Vapor 

Pressure 
(m) 

0 -020 

0.040 

0.060 

0.092 

0,133 

0.187 

0.271 

0.446 

0.675 

0.564 

C -724 

0.799 

0.843 

0 872 

0.893 

0.909 

0.922 

0.936 

1.8992 

1.8956 

1.8848 

1.7283 

1 .5641 

1.3784 

1.1189 

0.6595 

0.2266 

0.0031 

0.0039 

0.0049 

0.0122 

0.023- 

0.0432 

0.0857 

0.2225 

0.5219 

49.5 

69.5 

89.5 

109.5 

129.5 

749.5 

169.5 

189.5 

209.5 
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Weight 
Frac ti on 
UDMH i n  
L iquid  

TABLE 5 .6 .  Liquid-Phase A c t i v i t y  Coef f ic ients  for 
Hydrazi ne-UDMH Mixtures a t  176 .O"F 

Weight 
Fract ion 
UDMH i n  
Vapor 

Pressure 
( m d  

0.025 

0.050 

0 -089 

0.137 

0.204 

0.338 

0.595 

0.465 

0.637 

0.728 

0.785 

0,823 

0.853 

0.881 

1.7142 

1.7033 

1.5141 

1 -3464 

1.1383 

0.7470 

0.1956 

0.0056 

0.0088 

0.0177 

0.0305 

0.0557 

0.1363 

0.3942 

321.8 

421.8 

521.8 

621.8 

721.8 

821 .E 

921 .b 
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Weight 
Fract ion 
UDMH i n 
L iqu id  

0.022 

0.044 

0.070 

0.101 

0.137 

0.185 

0.251 

0.347 

0.500 

TABLE 6.7. Liquid-Phase A c t i v i t y  Coef f ic ients  
f o r  Hydrazine-UDMH Mixtures a t  242.6"F 

Weight 
Fraction 
UDMP i n  
Vapor 

0.299 

0.463 

0.567 

0.638 

0.693 

0.732 

0.765 

0.794 

0.821 

Pressure 
(mm) 

1.4508 

1.4448 

1.3749 

1.2750 

1.1755 

1.0349 

0.8534 

0.6:31 

0.2878 

0069 

0.0110 

0.0165 

0.0250 

0.0349 

0.0519 

0.0813 

0.1390 

0.2689 

1110.7 

1310.7 

1510.7 

1710.7 

1910.7 

2110.7 

2310.7 

2510.7 

2710.7 
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The f o l  low'ng procedure accomplished the  e x t r a p o l a t i o n  and i s  based 
upon t h e o r e t i c a l  expressions r e l a t i n g  excess f r e e  energy o f  mixing t o  

temperature and composition. Excess f r e e  energy of mix ing  i s  r e l a t e d  t o  the 

a c t i v i t y  c o e f f i c i e n t s  by 
- 

- -  AG' - x, I n  
RT 

A t  constant temperature , 

equation (3.19), 

'f1 + x2 I n  Y2' 

t h i s  q u a n t i t y  may be expressed as a f r rnct ion o f  

(3.19) 

I- 

composition i n  the form o f  equat ion (3.18). A p l o t  o f  xu Xh R T / A G ~  vs xu, 
shown i n  Figure 6.8 f o r  the data obtained, i s  l i n e a r  and accordingly the data 
f i t  the equation 

Xu Xh RT 
= S X U + I .  

A G ~  
(6.13) 

The constant S and I, are funct ions o f  temperature, alone. As w i l l  be shown 
l a t e r  t h i s  means t h a t  the a c t i v i t y  c o e f f i c i e n t s  are r e l a t e d  t o  l i q u i d  
composition 5y the two-constant van L a r r  equation (which was o r i g i n a l l y  
der ived assuming t h a t  van der Waals equation appl ies t o  both the components 
and the mixture, and t h a t  the excess entropy o f  mix ing  i s  zero.) 

Basis f o r  the temperature e x t r a p o l a t i o n  der ives f r o m  the d i f f e r -  

e n t i a l  equation a t  constant pressure and composi t i o n :  

(6.14) 

where AH i s  the heat o f  mixing. 
ents and the mix tu re  may be assumed t o  be l i n e a r  funct ions of temperature then 
the heat o f  mixing i s  given by the equation 

I f  the heat capaci t ies o f  the l i q u i d  compon- 

b 2  a H = a T +  2 T  + c .  (6.15) 

I n t e g r a t i o n  o f  (6.14) us ing t h i s  equation f o r  AH gives the equation 
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(6.16) 

where a l l  the constants are independent o f  temperature b u t  are funct ions of 
composition. Using the curves i n  F igure 6.8, p l o t s  o f  (AG /RT xu xh) vs 
( l / T )  were constructed f o r  values o f  constant xu, as shown i n  F igure 6.9. 
curves are e s s e n t i a l l y  l i n e a r .  
(a  = b = 0) and equat ion (6.16) may be reduced t o  the equat ion 

E 

The 
Thus AH i s  independent o f  temperature 

where A = 

A = - + B ,  XuXhRT A G ~  T 

C - 
'uXh 

and B = d 
'uXh 

(6.17) 

The constants, A and B ,  were 

evaluated f o r  se lected values o f  xu ( c f .  F igure 6.9). 
t o  c a l c u l a t e  a d d i t i o n a l  data (values o f  xuxhRT ) i n  order  t o  cover the 

These then were used 

A G ~  

e n t i r e  range o f  temperature and composit ion which i s  o f  i n t e r e s t .  

This ext rapolated data a l s o  was p l o t t e d  i n  F igure 6.8. 
The slope and i n t e r c e p t  o f  the l i n e s  g i v e  the values o f  S and I ,  respect ib  ?ly, 
o f  equat ion (6.13) a t  the temperature i n d i c a t e d  f o r  each curve. 
of S and I w i t h  temperature gave the f o l l o w i n g  formulas: 

C o r r e l a t i o n  

S = 0.01075 f 0.217250 + 0.058375 O(O-1) + 0.0042083 0(0-1)(0-2), (6.18) 

where 0 = 0.015(T - Z O O ) ,  and 

I = - 2.98505 x 10-5T2 f 2.51003 x lO-'T - 2.540 x lo-'. (6.19) 

The a c t i v i t y  c o e f f i c i e n t s  are most e a s i l y  computed from the 

der iva t ives  o f  equation (3.19) w i t h  respect t o  composit ion (apply ing the Gibbs- 
Duhem r e l a t i o n ) .  This y i e l d s  the equation, 
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(6.20) 

f o r  the a c t i v i t y  c o e f f i c i e n t  o f  UDMH and a s i m i l a r  equation f o r  hydrazine: 

d (  AGE/RT) 
u d x u  - x  *GE 

In Yh = R T  (6.21) 

E l im ina t i ng  $- and i t s  d e r i v a t i v e  between these equations and equation 

(6.13) g ives the equations: 

( J  - I I n  yu = 
(s xu + 1)2 ' 

(6.22) 

and 

( s  4- I )  
I n  Yh = (6.23) 

( s  x u  + I ) 2  ' 

which are  i d e n t i c a l  t o  equations (3.21) 2nd (3.22) w i t h  UDMH and hydrazine 
being components 1 and 2, respec t ive ly .  

Equations (6.18), (6.19), (6.22) and (6.23) comprise the  des i red 
c o r r e l a t i o n  o f  the  a c t i v i t y  c o e f f i c i e n t s .  The procedure f o r  ca l cu la t i ng  

values o f  yu and Yh f o r  a g iven temperature and composition i s  ( 1  ) the com- 
pu ta t i on  o f  S a,ld I from equations (6.18) and (6.19), and (2 )  the  s u b s t i t u t i o n  
o f  these values i n t o  equations (6.22) and (6.23). 

g iven some o ther  p a i r  o f  i n tens i ve  var iab les,  requ i res  an i t e r a t i v e  process 
using the  same equations. 

The procedure, when 

Figures 6.10, 6.11 and 6.12 compare the P-x and P-y curves 
der ived from the experimental data w i t h  the curves which were ca lcu la ted  f r o  

values o f  I n  y t h a t  were pred ic ted  by the cor re la t ions .  
f o r  the  d e r i v a t i o n  o f  tne re la t i onsh ips  t h a t  were requ i red  f o r  t h i s  ca l cu la t i on , )  
I n  a l l  cases, the  pred ic ted  P-y curves were v i r t u a l l y  i de r t t i ca l  w i t h  the curves 

t h a t  were obtained d i r e c t l y  from the data. For the P-x curves, the  dverage 

dev ia t i on  i n  pressure was approximately 2%. 

'See Appendix B 

The maximum dev ia t ion ,  approximately 
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8%, occurred fur the 39G.2"K isotherm a t  xu=0.05. 
acceptable considering t h a t  the correlations are based on so few data .  

This kind of agreement i s  

Figures 6.13, 6.14, 6.15, and 6.16 compare curves for experimental 
P-x-y d a t a  reported in the l i terature  with curves which were calculated from 
the correlations as discussed above. 
6.13, 6.14 and 6.15, exhibit considerably h i g h e r  values of pressure than the 
calculated data, particularly a t  higher values of xu.  The da ta  of Pannetier 
and Mignotte, Figure 6.16, show sanewhat better agreement. Since these data 
were obtained by cross-plotting a family of iosbaric T-x-y curves which 'rere 
drawn on a very compressed coordinate system i n  the publication, the 
curve shown may not  be an accurate representation. 

The d a t a  of Chang and Gckcen, Figures 

The data obtained in this program are t o  be preferred t o  the 
l i terature data for the following reasons: 
l i terature data are of questionable accuracy because of the possibility of 
decomposition; which, i n  pa r t ,  would explain their lack of thermodynamic 
consistency. 
consistent, because the vapor compositions were calculated from P-x data  by 
employing the Gibbs-Duhem equation and a reliable equation of state.  
addition, i t  was shown t h a t  decomposition and impurities d i d  not occur to  a 
significant extent du r ing  the experimental measurements. 

As discussed i n  Section 4.0, the 

On the other hand, the data developed i n  this work are necessarily 

In 

As indicated i n  Section 3.0, the entropy and enthalpy of mixing may 
be evaluated assuming t h a t  the mixtures are "regular" solutions. The follow- 
i n g  analysis and discussion shows t h a t  this assumption for UDMH-hydrazine 
mixtures i s  acceptable for most purposes. 

Equation(6.17)may be rewritten thusly: 

,GE = c + dT (6.24) 
E E The excess free energy of mixing, AS , i s  related t o  AG according t o  

,SE = - - a*GE (6.25) a T  ' 
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Then, 

E AS = - 3 .  

The t o t a l  entropy change o f  mixing, i s  g iven by: 

E 
AS = Asid + nS , 

where 

Asid = -RI: xiln xi , 
1 

(6.26) 

(6.27) 

Recal l ing t h a t  B = d/R xu xh, the excess entropy o f  mix ing i s  s imply 

ASE = -BR xu xh (6.28) 

and equat ion (6.26) f o r  hydrazine-UDMH mixtures becomes, 

AS = - R(xu I n  x + Xh I n  xh) - BRxu x,, (6.29) 
U 

Figure 6.17 shows curves f o r  AS i d  , AS E , and AS versus xu which 

were computed by employing equations (6.27, (6.28), and (6.29), respec t ive ly .  
The f i g u r e  shows t h a t  the q u a n t i t y  ,Sic; con t r ibu tes  f a r  more t o  the value of  
AS than doer AS . Considering t h a t  AS represents on ly  a few per  cent  of the 
value o f  the absolute entropy, i t  i s  q u i t e  reasonable t o  neglect  AS , i.e., 
assume t h a t  

E 
E .  

i d  A S  = A S  . 
This i s  equiva lent  t o  assuming t h a t  the q u a n t i t y  d i n  equat ion (6.24) i s  
zero. 
temperature. These two condi t ions,  ,SE = 0 and AH independent o f  temperature, 

define a regu la r  so lu t ion .  

Then ,GE = c = AH, i .e., the heat  o f  mixing i s  independent of 
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--. 7.0 DISCUSSION OF CHARTS AND TABLES 

The phase diagram, temperature-entropy diagram , and pressure-enthalpy 
diagram f o r  Aerozine-50 are shown i n  Figures 7.1 through 7.3. 
p roper t ies  f o r  a l l  o f  t he  regions and boundaries o f  these diagrams are  presented 
i n  Appendix D. 

t i o n  necessary f o r  cons t ruc t ing  these curves and tab les o f  p roper t ies  a re  
scmar i zed  i n  Table 7.1. 
features o f  the  curves and exp la in  the format o f  the  tab les .  

Tables o f  

The techniques employed f o r  the purpose o f  ob ta in ing  the informa- 

The f o l l o w i n g  paragraphs d iscuss the  s i g n i f i c a n t  

7.1 PHASE DIAGRAM 

F igure 7.: e x h i b i t s  a l l  o f  the features o f  a general P-T diagram 
fo r  a b inary  system as discussed i n  Sect ion 3.0.The values o f  P and T and the 

compositions o f  the phases a t  var ious po in ts  o f  i n t e r s e c t i o n  o f  the phase 
boundaries are g iven i n  Table 7.2. 
PTPI was discussed i n  Sect ion 3.0. 
g raph ica l l y ,  the p o i n t  o f  i n t e r s e c t i o n  of the  Sh-V, L-V boundary w i t h  the 

dew p o i n t  curve. 

The determinat ion o f  the  po in ts  QP and 

P o i n t  PTP2 was loca ted  by determining, 

A somewhat unique c h a r a c t e r i s t i c  o f  the  Aerozine-50 diagram i s  the 
shape of the boundary between the  L-V and Sh-1 regions. This  curve e x h i b i t s  
a pressure maximum (.561 ps ia )  loca ted  between the two pseudo- t r ip le  po in ts ,  

Consequently, i f  l i q u i d  Aerozine-50 a t  a pressure o f  0.53 ps ia ,  f o r  example, 
were heated i s o b a r i c a l l y ,  an equi l ibr . ium vapor phase would appear a t  a 

temperature o f  about 260FI A t  a s l i g h t l y  h igher  temperature, about 28OF, the  
l i q u i d  phase would disappear, an3 s o l i d  hydrazine would form. Continuing 
the heat ing process, the s o l i d  phase would disappear, and the  l i q u i d  phase 
would reappear a t  a temperature o f  approximately 33°F. A f t e r  a temperature 
o f  about 86°F had been reached, the Aerozine-50 would be e n t i r e l y  vaporized. 

The dashed curve i n  Figur.e 7.1 was const ructed from vapor pressure 
data f o r  Aerozine-50 p rope l l an t  repor ted i n  the l i t e r a t ~ r e ” ’ ~ ~ .  As the 
f i g u r e  shows, the l i t e r a t u r e  data a re  from 0.2 t o  two ps ia  h igher  than the 
data obtained dur ing  t h i s  work. A l i k e l y  reason f o r  t h i s  discrepancy i s  
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Point  

PTPl 

PTP2 

QP 

TABLE 7.2. Quadruple and Pseudo- tri p l  e Poi nts 
f o r  Aerozine-50 Phase Diagram 

.093 

.0116 

Pressure Temperature 
( P s i 4  ( O F )  

.492 23.6 

34.38 

74.49 

Phases present 
and Composition 

L, x = 0.500 
V ,  y = 0.961 

'h 

L, x = .0078 

V ,  y = .50@ 

'h 

L, x = .967 
v ,  y = .994 
S , x = .96' e 

'h 
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dissolved n i t r o g e n  i n  the prope l lan t .  
f o r  the measurements w i t h  the p r o p e l l a n t  were obtained from standard shipping 
containers i n  which the l i q u i d  i s  covered w i t h  a dry  n i t r o g e n  b lanket ,  i t  i s  
l i k e l y  t h a t  these samples were saturated w i t h  the gas a t  a pressure of 
approximately one abnosphere. The h igh  values o f  vapor pressure would 
r e s u l t  i f  the samples were trot thoroughly degassed before the measurements 
were made. For exarilple, a t  68°F rough c a l c u l a t i o n s  us ing some recent  data 

f o r  th? s o l u b i l i t y  o f  n i t roGen i n  hydrazine and UDMH show t h a t  the d i f f e r e n c e  

i n  pressure between the l i t e r a t u r e  and present  curves would r e s u l t  i f  14% 

of the n i t r o g e n  contained i n  the i n i t i a l l y  saturated sample were released 

i n t o  the vapor space (50% u l l a g e )  dur ing the measurements. 

Assuming t h a t  the  t e s t  samples 

26 

7.2 THERMODYNAMIC CHARTS 

As f o r  the phase diagram, the thermodynamic charts,  Figures 7.2 

and 7.3, have 4 two-phase and two single-phase regions. 
the l iqu id -vapor  reg ion  i s  bounded on the sides and above by curves f o r  the 

dew-and bubble-points (which bend towards each o ther  a t  h igh  temperatures and 

j o i n  a t  the c r i t i c a l  p o i n t )  and on the bottom by the curve connecting the 
two pseudo- t r ip le  po in ts .  
the  l i q u i d  reg ion  i s  below the envelope, and the c r i t i c a l  p o i n t s  are t o  the 
r i g h t .  

On the T-S diagram, 

On the P-H diagram, the vapor reg ion  i s  above and 

The boundary between the l i q u i d  and s o l i d - l i q u i d  reg ion  proceeds 

iso thermal ly  t o  the l e f t  on the  T-S diagram and i s o b a r i c a l l y  t o  the r i g h t  
on the P-H diagram. 

range o f  these diagrams , the proper t ies  o f  the condensed phases are independent 
o f  pressure; and, therefore,  the boundaries are isotherms as shown i n  F igure 

7.1. 

This r e s u l t s  from the  f a c t  t h a t  w i t h i n  the pressure 

The boundary between the s o l i d  and s o l i d - l i q u i d  regions represer. , s  

the coexistence of three phases ( s o l i d  hydrazine, shy s o l i d  en tec t ic ,  Se, 

and l i q u i d ,  L) w h i l e  the p o i n t  QP represents f o u r  e q u i l i b r i u m  phases(Sh, Se, 
L and vapor, V ) .  On the T-S diagram, the boundary appears as an isothermal 
l i n e ,  wh i le  on the P-H diagram, the boundary appears as an isothermal region. 
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The d i s c o n t i n u i t y  a t  QP r e s u l t s  from the appearance of the  s o l i d  e u t e c t i c  
and represents i t s  entropy o r  enthalpy o f  fus ion.  

The boundaries which separate the  sh-v reg ion  f rom the  L-V, 

S,-Sh, and Sh-L regions on the P-T diagram each appear as three-phase regions 

on the  thermodynamic charts. 

changes of phase t r a n s i t i o n  which occur a t  these boundaries. 
the reg ion  labe led  sh-se-v which separates the sh-v and Sh-Se regions on the  

This  r e s u l t s  from the  enthalpy o r  entropy 

For  example, 

T-S and P-h diagrams represents the entha 

7.3 TABLES 3F PROPERTIES 

Tables were const ructed f o r  a1 

py o r  entropy o f  sub l imat ion  o f  UDMH. 

o f  the  regions and boundaries o f  
the  phase diagram. 

various temperatures a long the S-V o r  L-V boundary only, s ince there  i s  no 
pressure dependency w i t h i n  these regions. For  the  L-V and sh-v regions, 
values are  l i s t e d  a t  var ious temperatures f o r  the border ing condensed phase 
and vapor boundaries and f o r  various values o f  pressure w i t h i n  the regions. 
For  the  vapor region, p roper ty  values a re  l i s t e d  f o r  various temperatures 
along the  dew p o i n t  curve, and f o r  temperatures i n  the  superheat reg ion.  

For the condensed phase regions, values are  l i s t e d  a t  

The f o l l o w i n g  u n i t s  apply f o r  a l l  o f  the  tab les:  

Pressure: ps ia  
Temperature: degrees Fahrenhei t 

Volume: 

Enthalpy: BTu/lb o f  phase 
Entropy: 
Composition: Weight f r a c t i o n  UDMH. 

(1 1 cubic  f e e t / l b  of hase 
(1 P 

BTu/"F-lb o f  phase (1 1 

(' 'For the L-V and sh-v regions, add i t i ona l  tab les  were const ructed i n  which 
the values o f  volume, enthalpy, and ent ropy were ca lcu la ted  f o r  a t o t a l  
system mass o f  one pound and composition equal t o  50 percent  UDMH. 
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8.0 RECOMMENDATIONS 

I n  order t o  ob ta in  values o f  the  thermodynamic p roper t i es  f o r  
I;se i n  the ana lys is  o f  h igh  pressure ar,d h igh  temperature processes (such as 
Occur i n  rocke t  engine combustion chambers), there  i s  a need f o r  extending the 
range o f  the data obtained i n  t h i s  program. Add i t i ona l  P-V-T data should be 

cbta ined f o r  pressures above th ree  atmospheres i n  order  t o  t e s t  the r e l i a b i l i t y  

o f  the  mod i f ied  Redlich-Kwong equation a t  h igh  pressures or ,  if necessary, i n  
order  t o  choose o r  de r i ve  a more s u i t a b l e  equation o f  s ta te .  More data f o r  

l iqu id -vapor  e q u i l i b r i a  should be obtained both w i t h i n  the range of  

temperatures employed i n  t h i s  work as w e l l  as a t  h igher  temperatures i n  order  

t o  more f i r m l y  e s t a b l i s h  the a c t i v i t y  c o e f f i c i e n t  co r re la t i ons .  Also, f o r  

h igher  pressures, the v a r i a t i o n  o f  the  dens i t y  o f  the l i q u i d s  w i t h  pressure 

must be determined. 

P r i o r  t o  performing experiment. t o  ob ta in  data a t  h igher  temperatures, 
there must be add i t i ona l  decomposition experiments. Homogeneous decomposition 
w i l l  be a more ser ious problem a t  h igh  temperatures; and, consequent’y, a s e t  

o f  l i m i t s  f o r  the measurements should be establ ished.  

I n  a d d i t i o n  t o  data f o r  mixtur*es, the  vapor pressure data f o r  

the pure components must be extended t o  h igh  temperatures and pressures, a lso .  

8- 1 
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CALCULATIONS GF y FROM P-x DATA 

The f o l l o w i n g  form of the Gibbs-Dbhem equat ion i s  v a l i d  f o r  
a b inary  system a t  v a r i a b l e  temperature o r  pressure, whether the system 
i s  i n  e q u i l i b r i u m  o r  not: 

- V dP + (Hid - 
RT RH2dT 

dT = xld(lnf l)  + x21nf2) 

Equation (A-1) can be w r i t t e n  f o r  the vapor and l i q u i d  p h a w  i n  e q u i l i b r i u m  

i n  which case the pressure, temperature, and f u g a c i t i e s  i n  both phases are 
equal. Combining the two r e l a t i o n s h i p s  y i e l d s :  

i d  i d )  
L (Hv - HL) (Y l  - X1)(H1 - 

dP - vv - v 
R T ~  RT 

Equation (A-2) i s  combined w i t h  the d e f i n i t i o n  o f  the a c t i v i t y  c o e f f i c i e n t  
i n  the vapor phase, 

( i n  which the standard s t a t e  i s  the pure component a t  the pressure and 
temperature o f  the s o l u t i o n )  together w i  tti the f o l l o w i n g  r e l a t i o n s h i p s  
f o r  fi: V 

Hi i d  - H i  
"i 

RT2 dT 
d ( l n  f y )  = mdP + 

A- 1 



The r e s u l t  i s  : 

JidP + QdT = (yl- x,)d (A-4)  

where 

-(AH' + xlHr t x; - H L 
9 0 : -  c) 

RT' 

and 

V v 
LVV = vv - y,V1 - y2v2 . 

Equation (A-4) i s  a general r e l a t i o n s h i p  f o r  a b inary  system i n  which two 
phases e x i s t  i n  equ i l ib r ium.  

The specia l  case o f  constant temperature i s  o f  pr imary i n t e r e s t  
here. For dT = 0, eqaat ion (A-4) reduces to :  

(A-5) 

Equation ( A - 5 )  may be in tegra ted  i f  phase e q u i l i b r i u m  data and. 
P-V-T data o r  equations of s t a t e  are ava i lab le  f o r  the  coex is t ing  phases. 
The f o l l o w i n g  paragraphs e x p l a i n  the combinat im o f  equat ion (A-5) w i t h  the 
modif ied Redlich-Kwong equat ion o f  s t a t e  f o r  the  vzpors, experimental P-x 
data, and c o r r e l a t i o n s  f o r  the densi ty  o f  l i q u i d s .  

A- 2 



I n  terms o f  f ugac i t y  c o e f f i c i e n t s ,  equat ic  I ( A - 3 )  becomes: 

'i +i 

o r ,  i n  l oga r i t hm ic  form, 

I n  yi = I n  

Using tllI; r e l a t i o n s h  

i n  equation (A-5)  may 

n +, - I n  +i . (A-6 ) 

p the logar i t l lm o f  t t t e  r a t i o  o f  a c t i v i t y  c o e f f i c i e n t s  

be w r i t t e n :  

n 

The fugac i t y  c o e f f i c i e n t s  f o r  the components i n  the vapor s,:ution, qi, 

may be r e l a t e d  t o  the f u g a c i t y  c o e f f i c i e n t  f o r  the vapor accordi r,g t c :  

n 

I n  +2 = I n +  + 

Combining these re:ationships w i t h  equation ( A - 7 )  y i e l d s :  

(A-8) 

The q u a n t i t i e s  ln+, and a r?  evaluated by means o f  the fo1:owing 

F.-3 



equation which i s  appl icable f o r  pure components o r  mixtures o f  constant 

compos i ti on : 
P 

l np  = - &i(F - V )  dP 

o r  rewr i t t en ,  

P P 

I n $  = - b++ &/VdP 0 

The second i n t e g r a l  can be evalgated by employing 

conveniently, an equation o f  s ta te.  Wilson's mod 
lkong equation w i l l  be used here, i .e.: 

RT RTfb p =  - -  
V-b Vo 

P-'J-T 

f i c a t  

(A-9) 

data or, more 
on o f  the Redlich- 

(A-10) 

where 

f = y f -t y2f2, and 1 1  

By d i f f e r e n t i a t i n g  equation (!,-lo) w i t h  respect t o  V, f o r  constant y t h - r e  
resul  t s  : 

2fb + fb2 ]dV. (A-11)  
V(V+b)' [V(V+b)12 

4 

Colnbining equations (A-9) and (A-11) and i n t e g r a t i n g  gives 

(A-12) 

A-4 



The p a r t i a l  de r i va t i ves  i n  equat ion (A-8) are evaluated by d i f f e r e n t i a t i n g  

equat ion (A-12). 
g ives:  

Combining the r e s u l t i n g  expressions w i t h  equat ion (9) 

( fAb + bAf)V - 3fbAb - b'Af Ab !)Ab + - +  y i 
2 V-b T b ) '  - I n - =  - 

V[V + (1 +f)b]  - fb 
y 'z 

" (A-13) 2 f I b  + ba f  + fbAb V + b  
V + b  

where sb 5 bl- bp, and A f  5 fl - f2. 

V 

Since the  quant i t y ,  I n  7 , i s  a func t i on  o f  both V and y, then 

(A-14) 

Expressions f o r  the p a r t i a l  de r i va t i ves  are der ived by d i f f e r e n t i a t i n g  
equation (A-13). The r e s u l t s  are: 

2nb2 2 b ~ b  +-+- - Ddny - N d ~ y  - -  
aY = d l y  D2 (V-b)' (V-b)3 

4AfAb fAb2 2ibAb2 - 
(V+b)' (V+b)3 

---- (A-15) 
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V 

Ab 2bab - -  - -  - - -  
D2 (V-b)2 (V-b)3 

ZfAb+bAf 2fbAb bAf + - -  
+ m, (V+b)* (V+b)3 

( A - 1 6 )  

where d = ~ b ~ f  (ZV-5b)-3fab2 
NY 

= Ab[V( l+f)-Zfb]+bAf(V-b) 
dDY 

= fAb+bAf dNV 

dDV = 2V+b(l+f) 

D = V[V+(l+f)b]-fb2 

N = V(fAb+bAf) - b(3f.!.b+bAf) 

Equation (A-14), w r i t t e n  i n  terms o f  the no ta t i on  def ined by equations 
( A - 1 5 )  and ( A - 1 6 ) ,  becomes: 

d In($)= d 1Y dy + dlVdV ( A - 1 7 )  

The d i f f e r e n t i a l ,  dP, i n  equat ion ( A - 5 )  i s  evaluated from the 
equat ion o f  s ta te ,  equation ( A - 1 0 ) .  
o f  volume and composit ion a t  constat i t  temperature; then, 

Since the t o t a l  pressure i s  a funct ion 

A-6 



d P = ( $ )  d y +  ( g )  dV 

V Y 

(A-18) 

D i f f e r e n t i a t i o n  o f  equat ion (A-10) gives f o r  the f i r s t  tenn i n  equation 
(A-18): 

(A-19) (5) E dpy fAb+bAf 

V 

For the second term, 

(A-20) 2fb + f b2 = R T  - - +  
Y I '  (V-b)' V(V+b)2 [V(V+b)12 

Equation (A-18), r e w r i t t e n  i n  terms of the no ta t i on  de f ined by equations 
(A-19) and (A-20) , becomes: 

dp = d dy + dpV dV. (A-21) 
PY 

Equations (A-17) and (A-21) are s u b s t i t u t e d  i n t o  equation (A-5) t o  ob ta in  

(A-22) 

Equa-ion (A-22) can be combined w i t h  experimen,dl P-x and l i q u i d  
phase densi ty  data and in teg ra ted  numerical ly t o  ob ta in  y by employing the 
Runge-Ku t t a  method. 
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EXPRESSIONS FOR ACTIV ITY COEFFICIENTS 4s FUNCTIONS 
@F PRESSURE AND PHASE COMPOSITIONS 

The a c t i v i t y  c o e f f i c i e n t ,  vi, def ined f o r  the standard s t a t e  as 

the pure component a t  the pressure and temperature o f  the s o l u t i o n  and i n  the 

same physical  s t a t e  i s :  

n 

where fi i s  the fugac i t y  o f  component i i n  the s o l u t i o n  o f  mole f r a c t i o n  

xi , and fi i s  the f u g a c i t y  o f  pure i i n  the standard s ta te .  
22 

For the case o f  l i qu id -vapor  e q u i l i b r i a :  

;; = ;y ; 

then, 

f .  L = yi v yi fi V . 
Y i  ‘i i 

Mu1 t i p l y i n g  equation (B-3) by P and rear rang ing  gives: 

Taki ng the 1 ogar i  thm y i  e l  ds : 

(B-3) 

where I$I~ = fi/P. 

B-1 



Wri t ing  equat ion (6-1) f o r  the vapor and m u l t i p l y i n g  by P, there 
r e s u l t s :  

Taking the i d g a r i  thm ,-7d s u b s t i t u t i n g  f o r  the f u g a c i t y  coef f ic ier , ts  g ives:  

From the general p roper t ies  o f  a p a r t i a l  p o l a r  q u a n t i t y  (see reference 22), 
i t  may be shown tha t :  

For a b inary  system, equations (B-5), (B-6) and (8-7) a re  combined t o  
ob ta in  f o r  component (1):  

and, f o r  component (2 )  

'). (B-9) 
V L aln$ alnq, 

aY1 aY2 
'2 In +2 + In 4' - y1 ( I n  y2 = I n  - -  L 

x2 

L L The terms I n  c $ ~  and 1 n #2 i n v o l v e  the f u g a c i t i e s  of the components i n  the 
standard s tate,  i .e .  l i q u i d  a t  the pressure and temperature o f  the so lu t ion .  

I n  terms o f  pure component vapor pressures and l i q u i d  volumes, 

B-2 



F 
I n  = I n  4; + &ky: - F) dP . 

1 
(B-10) 

The t e r n  i n v o l v i n g  the i n t e g r a l  i s  the d i f f e r e n c e  between the value o f  In $i L 

evaluated a t  P and the value a t  Pf.  Assuming t h a t  the l i q u i d  volume i s  
independent o f  pressure, equat ion (B-10) becomes f o r  the two components: 

L z v: P In 4, = In $1 t - (P-P;) - I n  - RT (B-11) 

(B-12) 

Combining equat ion (B-11) w i t h  (8-8) and equat ion (B-12) w i t h  (B-9) giv2s:  

and, 

(8-1 3) 

(8-14) 

V Values o f  I n  $i, I n  $;, and I n  4 are obtained from equat ion (A-12). 

The d i f ference i n  p a r t i a l  d e r i v a t i v e s  i s  evaluated by rearranging equat ion 

(A-8), i .e.,  

B- 3 



(B-15) 

The quan t i t y ,  I n  $ , i s  g iven by equatior: (A-13). 

y2 

L Equations (B-13) and (8-14) may be used t o  ca l cu la te  values o f  y1 

and y L  from phase e q u i l i b r i a  data. 
P-x-y data t o  V-x-y form by means o f  the  equation o f  sta%e, eva lua t ing  the 

and $;, and then s u b s t i t u t i n g  d i r e c t l y  i n t o  the above terms i n v o l v i n g  + , +1 , 
r e l a t i o n s h i p s .  

The process invo lves  conver t ing the 2 

V '  

L L As discussed i n  Sections 3.0 and 5.0, values o f  yl, and y2 can 
be co r re la ted  w i t h  l i q u i d  composition. 

simultaneously t o  ca l cu la te  y and P f rom x-T data ( c a l c u l a t i o n  of bubble p o i n t  
curve), or t o  ca l cu la te  x and P from y-T ( c a l c u l a t i o n  o f  dew p o i n t  curve), o r  
t o  ca l cu la te  x and y from P-T data ( ca l cu la t i ons  w i t h i n  the L-V reg ion  o f  the 
phase diagram, F igure 3.1). 

Then the  two equations may be solved 
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DERIVATION OF FXPRESSJONS FOR ENTHALPY AND ENTROPY 
OF VAPOR PHASE 

Since the i n t e r n a l  energy, U and the entropy, S, may be expressed 
i n  terms o f  V and T a t  constant composition; i . e . ,  

then dU = ($) dT +($) dV. 
V T 

and 

dS =(%) dT i- (i;) dV. 

V T 

Further,  from the f i r s t  and second laws o f  thermodynamics, 

dU TdS - PdV. 

From the d e f i n i t i o n  o f  enthalpy, 

dH = dU + PdV i- VdP. 

3y d e f i  n i  ti on, 

c V E ( + )  

V 

Div id ing  equation (C-3) by dT a t  constant volume, there  resu l t s :  

V V 

c-1 



Combining equations (C-5) and (C-6) g ives:  

D iv id ing  equation (C-3) by dV a t  constant T g ives:  

(”) a v  = T ( $ )  - P .  
T T 

The fo l l ow ing  Maxwell r e l a t i o n s h i p  appl ies:  

Cmbi  n i  ng 

Combining 

Equations 

‘22) =(”) aT * 

\ a v  
V 

equations IC-8) and (C-9) gives: 

($$)T = T($) - P. 
V 

equations (C-1), (C-5), and (C-10) y i e l d s :  

dU = CvdT f[T($) - f ]  dV. 
V T 

(C-4) and (G l l )  are  combined t o  ob ta in :  

dH = CvdT f d(pV) t [-T ( $)v - P]dV, 
T T 

(6-7) 

I r - 8 )  

(c-9)  

(c-10) .  

(c-11) 

( c - I  2 )  

I n t e g r a t i n g  equation (C-12) a t  constant temperature gives: 

c-2 



P P 
HT - H; = d(pV) +J (T(g) - PIdV, 

P* P* V 

where p* i s  a !JW pressure approaching Lero x c h  t h a t  the vapor i s  i dea l .  

Evaldating the f i r s t  i n t e g r a ! ~  gives: 
V 

(C-13) H-- = H id + PV-RT + j  [T(g)v -i dv * 

m 

I T  

The quan t i t y  HTiid, f o r  a pure componen,, may be evalu6ted from C P i d  data, 
s ince 

TG 
where TD i s  the datum plane temperature. A convenient choice f o r  the datum 

plane is :  

did EO f o r  T~ = 0. T l  

Then H T j d  i s  given by: 

'1 id i =f (CAd)dT. 
0 

F o r  a mixture, 

The i n t e g r a l  i n  equzt ion (C-13) can be evaluated a n a l y t i c a l l y  by 
m p l o y i n g  ac equation of state;  v i i ,  

RT RTfb p =  - -  
V-b .V+b) ' 

where the va r iab le  f i s  d f unc t i on  o f  T. 

(C-14) 

c-3 



D i f f e r e n t i a t i o n  w i t h  respect  t o  T a t  constant V g ives:  

For a pure component, 

Tc i fi F 4.934 (1.57+1.62wi) T 

d f .  
-d=r 

; 

T c i  
7 -  

Then 
' = 1 4.934 (1.57 + 1 . 6 2 ~ ~ )  

Since , f o r  a mixture,  

f = ZYifi, 
i 

then, 

Let,  by d e f i n i t i o n ,  

d f  
dT F Z  T" - 

Then the 

Combining 

n tegra l  i n  equat ion {C-13) becomes: 

( [ P-T(!$iy 1 dV = - R F l n ( T )  V+b . 
Lo T 

equations (C-14) and (C-20) w i t h  equat ion (C-13) g ives 

i d  RTV RTfb HT = HT - RT + - - - - PF1n( 'F) ; V-b V+b 

' :-15) 

(C-16) 

(C-17) 

(C-18) 

(c-19) 

(c-20) 

(C-21) 

where, f o r  a b inary  system, 

c-4 



F = -4.934 1 y, (1.57+1 .62wl)TC1 + y2(  1.57 + 1 .62w2)TC2 1. 
Equations (C-7) and (C-9) a re  combined w i t h  equat ion (C-2) t o  

o b t a i n  

dS = T cV  dT +(%) dV . 
V 

(c-22) 

W r i t i n g  equat ion (C-22) f o r  constant temperature and both adding 
R and subt rac t ing  the q u a n t i t y  ( $ P )  t o  t h e  r i g h t  hand s i d e  gives: 

(C-23) 

Equation (C-23) can be i n t e g r a t e d  a t  constant T from a low pressure, P*, a t  

which the vapor i s  i d e a l  t o  the  system pressure P t o  obta in :  

P 
S T = S * -  Ip + P +  Jp # P - +  \ ( g )  dV ; 

P* P* Pf V 
(C-24) 

The quant i ty ,  S* , i s  the  absolute entropy o f  the vaoor i n  the i d e a l  gas s t a t e  
a t  system tempeJature and a t  the low pressure p*. For a pure component, i t  i s  
r e l z t e d  t o  the i d e a l  gas entropy a t  u n i t  f u g a c i t y  (1  atm), SZ(T), according to: 

S* = S:(T) - (p*(g)dP. 
1 T 

Combining equations ‘C-24)and (C-25) gives:  
P 

ST = ST i d +  f + P +  (g) dV, 
0 0 V 

(C-25) 

(C-26) 

where S y  i s  the entropy o f  the fdeal  vapor a t  the temperature and pressure o f  
the system and i s  g iven by: 

c-5 



S i d  = So" ( T )  - Rln P . (C-27) 

For a component i n  a mix tu re  

s i  d = So 0 (T)i - R I n  (yip) . 
T i  

Then f o r  the mixture,  

S y  = y, ST1 i d  + y* s;; . 

Equations (C-15) and (C-25) are combined and then i n t e g r a t e d  t o  
obta in :  

ST = ST id + R ln  [1 - "&,I+ fb V-b) RGln (y) ; (C-28) 

where, f o r  a pure component, 

G = 4.934 (0.57 + 1 . 6 2 ~ ~ )  , 

and f o r  a b inary  mix tu re  

O r d i n a r i l y ,  i t  i s  des i rab le  t o  compute values of HT and ST 
a t  se lected values o f  P. 
by t r i a l  and e r r o r  s o l u t i o n  o f  equat ion (C-14), and then the thermodynamic 
proper t ies  may be ca lcu la ted  by use o f  equations (C-2l)and (C-28). 

Therefore, corresponding values of V a re  ca lcu la ted  

C-6 
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